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ABSTRACT	  
	   The	  aim	  of	  this	  dissertation	  was	  to	  investigate	  the	  effects	  of	  manipulating	  the	  incubation	  temperature	  during	  late	  broiler	  embryogenesis	  on	  hatchability,	  chick	  quality,	  secondary	  sex	  ratio,	  and	  grow	  out	  performance	  under	  field	  conditions.	  Four	  experiments	  were	  conducted	  at	  a	  commercial	  hatchery	  and	  two	  setters	  of	  42,240	  eggs	  each	  were	  used;	  one	  served	  as	  control	  and	  the	  other	  as	  test	  with	  the	  same	  physical	  environment	  as	  the	  control	  except	  that	  thermal	  stimulation	  of	  0.5o	  C	  and	  1o	  C	  above	  the	  optimal	  incubation	  temperature	  were	  used,	  in	  the	  first	  two	  experiments	  and	  last	  two	  experiments	  respectively,	  for	  2	  h/d	  from	  18	  to	  20	  days	  of	  incubation	  (DI).	  Temperatures	  were	  verified	  by	  the	  use	  of	  data	  loggers	  in	  each	  unit.	  The	  experiments	  were	  replicated	  over	  time	  with	  four	  or	  five	  replicates	  and	  about	  20,000	  chicks	  from	  each	  group	  placed	  in	  the	  field	  weekly.	  Chicks	  were	  sampled	  at	  hatch	  and	  at	  one	  week	  of	  age	  and	  body	  weight,	  feed	  conversion	  and	  mortality	  measured	  at	  market	  age.	  Moisture	  loss,	  embryo	  temperature,	  hatchability,	  chick	  weight,	  chick	  rectal	  temperature,	  chick	  quality,	  and	  residual	  yolk	  sac	  weight	  were	  measured	  and	  sex	  determined	  after	  dissection.	  Thermal	  stimulation	  of	  0.5o	  C	  increased	  the	  proportion	  of	  hatched	  males	  by	  3.5%	  (p=	  0.013)	  and	  2.2%	  (p=	  0.008)	  respectively	  in	  the	  first	  two	  experiments	  and	  in	  experiment	  2	  evaluation	  at	  7	  days	  of	  age	  showed	  that	  the	  difference	  in	  secondary	  sex	  ratio	  was	  still	  evident	  with	  2.8%	  (p<0.001)	  more	  males	  in	  the	  test	  group.	  In	  experiment	  2	  hatch	  residue	  was	  examined	  and	  the	  proportion	  of	  unhatched	  male	  embryos	  was	  greater	  in	  the	  control	  group	  than	  in	  the	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test	  group	  (p=	  0.024).	  Thermal	  stimulation	  of	  1o	  C	  improved	  feed	  conversion	  by	  1.82%	  or	  3.6	  points	  (p=	  0.0491)	  in	  comparison	  to	  the	  control	  group.	  The	  results	  demonstrated	  that	  low-­‐intensity,	  short-­‐duration	  thermal	  stimulation	  during	  late	  incubation	  altered	  secondary	  sex	  ratio	  at	  hatch	  and	  at	  7	  days	  in	  favour	  of	  males	  and	  had	  positive	  long	  lasting	  effect	  on	  feed	  conversion.	  Thermal	  stimulation	  up	  to	  1o	  C	  did	  not	  have	  adverse	  effects	  on	  hatching	  results	  and	  post	  hatch	  performance	  under	  field	  conditions.	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CHAPTER	  1	  	  INTRODUCTION	  	   In	  the	  poultry	  industry,	  hatcheries	  are	  an	  important	  segment	  that	  provides	  the	  basic	  material	  for	  a	  production	  cycle.	  Improvements	  in	  commercial	  broiler	  strains	  resulted	  in	  shortening	  their	  life	  cycle	  with	  the	  incubation	  period	  unchanged.	  Consequently	  broiler	  chickens	  today	  spend	  more	  than	  one	  third	  of	  their	  life	  as	  embryos.	  This	  not	  only	  highlights	  the	  importance	  of	  environmental	  incubation	  factors	  but	  also	  provides	  an	  avenue	  to	  manipulate	  embryogenesis	  to	  enhance	  hatchability	  and/or	  post-­‐hatch	  performance.	  Many	  researchers	  have	  tried	  to	  improve	  hatching	  results	  and	  post-­‐hatch	  performance	  by	  manipulating	  environmental	  factors	  during	  incubation.	  The	  most	  relevant	  factors	  that	  influence	  success	  of	  the	  incubation	  process	  are	  temperature,	  humidity,	  ventilation,	  turning	  and	  type	  of	  incubation	  equipment	  used.	  This	  research	  focused	  specifically	  on	  thermal	  stimulation	  during	  incubation	  as	  temperature	  is	  the	  major	  determinant	  of	  success	  or	  failure	  in	  hatchery	  operations.	  Temperature	  directly	  influences	  hatchability	  and	  also	  alters	  chick	  yield,	  chick	  quality,	  sex	  ratio	  and	  post-­‐hatch	  health	  and	  performance.	  In	  forced-­‐draft	  incubators	  the	  optimum	  incubation	  temperature	  for	  chicken	  eggs	  is	  between	  37.2o-­‐37.8o	  C	  and	  changes	  of	  1o	  C	  have	  major	  effects	  on	  hatching	  results	  in	  chickens	  (Landauer	  1961;	  Freeman	  and	  Vince,	  1974).	  Incubation	  temperature	  can	  either	  accelerate	  or	  delay	  embryogenesis	  and	  hatching	  (Landauer,	  1961;	  Freeman	  and	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Vince,	  1974;	  French,	  2002).	  In	  commercial	  practice	  correct	  hatch	  time	  is	  associated	  with	  a	  chick	  yield	  between	  62%	  and	  76%	  of	  the	  weight	  of	  eggs	  set	  (Halberslaben	  and	  Mussehl,	  1922;	  Bray	  and	  Iton,	  1962;	  Whiting	  and	  Pesti,	  1983	  and	  Shanawany,	  1987).	  Incubation	  temperature	  also	  can	  affect	  chick	  quality.	  Chick	  quality	  refers	  to	  a	  range	  of	  characteristics	  at	  hatch	  time	  that	  relate	  or	  could	  relate	  to	  potential	  health	  and	  performance	  in	  the	  post-­‐hatch	  period.	  Traits	  may	  be	  combined	  and	  a	  standardized	  score	  used	  to	  evaluate	  chicks.	  	  A	  good	  quality	  chick	  is	  clean,	  dry	  and	  free	  from	  dirt	  and	  contamination,	  with	  clear	  and	  bright	  eyes,	  free	  from	  deformities	  and	  skin	  lesions,	  has	  normal	  leg	  conformation,	  well	  formed	  beak,	  and	  firm,	  straight	  toes,	  and	  with	  a	  completely	  sealed	  and	  clean	  navel	  free	  of	  yolk	  sac	  or	  dried	  membranes.	  The	  chick	  should	  be	  alert,	  interested	  in	  its	  environment,	  and	  respond	  to	  sounds	  (Decuypere	  et	  al.,	  2001;	  Meijerhof,	  2005).	  The	  Tona	  or	  Pasgar	  score	  is	  an	  example	  of	  a	  standardized	  scoring	  system	  across	  a	  range	  of	  criteria	  including	  chick	  viability,	  yolk	  sac	  uptake,	  navel	  closure	  and	  the	  ability	  chicks	  to	  recover	  after	  being	  placed	  on	  their	  back	  (www.Pasreform.com).	  Chick	  length	  is	  another	  measurement	  used	  to	  evaluate	  the	  effects	  of	  incubation.	  Chick	  length	  is	  the	  distance	  from	  the	  tip	  of	  the	  beak	  to	  the	  tip	  of	  the	  middle	  toe	  measured	  by	  stretching	  the	  chick	  to	  its	  total	  length.	  It	  is	  considered	  a	  better	  indicator	  than	  day-­‐old	  chick	  weight,	  when	  corrected	  for	  egg	  weight	  and	  age	  of	  the	  breeder	  flock	  (Hill,	  2001;	  Wolanski	  et	  al.,	  2004;	  Joseph	  et	  al.,	  2006;	  and	  Lourens	  et	  al.,	  2005).	  Research	  has	  shown	  that	  incubation	  temperature	  could	  altar	  secondary	  sex	  ratio	  in	  Australian	  brush-­‐turkeys	  (Göth	  and	  Booth,	  2005),	  in	  broiler	  chickens	  (Tzschentke	  and	  Halle,	  2009,	  2010)	  and	  in	  Pekin	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ducks	  (Halle	  et	  al.,	  2012).	  In	  most	  breeds	  of	  domestic	  fowl,	  the	  sex	  ratio	  at	  time	  of	  fertilization	  is	  nearly	  equal	  (primary	  sex	  ratio)	  but	  somehow	  one	  sex	  is	  more	  affected	  by	  environmental	  temperature	  during	  embryogenesis	  resulting	  in	  a	  skewed	  secondary	  sex	  ratio	  in	  poultry.	  This	  skewed	  sex	  ratio	  could	  have	  a	  major	  impact	  on	  the	  poultry	  industry.	  Success	  or	  failure	  in	  hatchery	  operations	  does	  not	  end	  on	  the	  day	  of	  hatch	  but	  is	  determined	  by	  chick	  performance	  at	  the	  farm.	  First	  week	  mortality,	  first	  week	  culled	  chicks,	  first	  week	  body	  weight,	  feed	  intake,	  feed	  conversion	  and	  final	  body	  weight	  are	  characteristics	  that	  are	  influenced	  by	  incubation	  temperature	  (Lourens	  et	  al.,	  2005;	  Joseph	  et	  al.,	  2006;	  Collin	  et	  al.,	  2007;	  and	  Tzschentke	  and	  Halle,	  2009).	  	  	  The	  objective	  of	  this	  dissertation	  research	  was	  to	  determine	  the	  effect	  of	  thermal	  stimulation	  during	  the	  late	  period	  of	  broiler	  embryogenesis	  on	  hatchability,	  chick	  quality,	  secondary	  sex	  ratio	  and	  post-­‐hatch	  performance	  under	  field	  conditions.	  	  In	  the	  sections	  that	  follow	  the	  influences	  of	  manipulation	  of	  incubation	  temperature	  on	  hatchability,	  chick	  yield,	  chick	  quality,	  sex	  ratio	  and	  post-­‐hatch	  performance	  are	  reviewed.	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CHAPTER	  2	  	  LITERATURE	  REVIEW	  	  Incubation	  Temperature	  and	  Hatchability/Chick	  Yield	  
	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  Normal	  incubation	  temperature	  (37-­‐38O	  C)	  is	  the	  most	  critical	  environmental	  factor	  that	  controls	  chicken	  embryo	  development	  and	  can	  either	  accelerate	  or	  delay	  embryogenesis	  and	  hatching	  (Landauer	  1961;	  Freeman	  and	  Vince,	  1974;	  French,	  2002).	  Under	  commercial	  conditions	  correct	  hatch	  time	  is	  associated	  with	  chick	  yield	  and	  the	  weight	  of	  the	  hatched	  chick	  is	  positively	  correlated	  with	  egg	  size	  (Tullett	  and	  Burton,	  1982;	  Wilson,	  1991).	  The	  normal	  weight	  for	  hatched	  chicks	  ranges	  from	  62%	  to	  76%	  of	  initial	  egg	  weight	  (Halberslaben	  and	  Mussehl,	  1922;	  Bray	  and	  Iton,	  1962;	  Whiting	  and	  Pesti,	  1983;	  Shanawany,	  1987).	  However,	  chicks	  may	  hatch	  with	  the	  same	  weight	  but	  have	  different	  residual	  yolk	  sac	  weight	  	  due	  to	  greater	  development	  during	  incubation	  or	  a	  chick	  may	  weigh	  less	  with	  larger	  residual	  yolk	  sac	  and	  can	  survive	  longer	  without	  food	  (Skewes	  et	  al.,	  1988).	  Incubation	  temperature	  has	  major	  impact	  on	  chick	  yield	  and	  variation	  of	  body	  weight	  at	  day	  old	  through	  differences	  in	  moisture	  loss	  during	  incubation	  or	  residual	  yolk	  sac	  weight	  (Tullett	  and	  Burton,	  1982).	  A	  low	  incubation	  temperature	  of	  36.6O	  C	  during	  the	  first	  10	  days	  of	  chicken	  embryogenesis	  increased	  body	  weight	  at	  hatch,	  whereas	  high	  incubation	  temperature	  of	  39.5O	  C	  from	  day	  18th	  to	  day	  21st	  reduced	  chick	  weight	  in	  comparison	  to	  chicks	  hatched	  from	  eggs	  incubated	  at	  37.8O	  C.	  Chicks	  that	  hatched	  from	  low	  incubation	  temperature	  during	  early	  embryogenesis,	  the	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difference	  in	  body	  weight	  was	  due	  to	  difference	  in	  yolk	  sac	  weight	  but	  chicks	  that	  hatched	  from	  high	  incubation	  temperature	  during	  late	  embryogenesis	  the	  difference	  was	  due	  to	  difference	  in	  free-­‐yolk	  body	  weight	  (Joseph	  et	  al.,	  2006).	  It	  has	  been	  documented	  that	  poultry	  embryos	  need	  to	  lose	  between	  12%	  and	  14%	  of	  their	  fresh	  egg	  weight	  as	  moisture	  loss	  before	  pipping	  in	  order	  to	  have	  the	  best	  chance	  of	  hatching	  successfully	  (Meir	  et	  al.,	  1984;	  Hulet	  et	  al.,	  1987;	  Meir	  and	  Ar,	  1991;	  French,	  2009).	  Hatchability	  is	  measured	  by	  the	  total	  number	  of	  hatched	  chicks	  from	  either	  the	  total	  number	  of	  egg	  set	  or	  from	  the	  fertile	  eggs.	  Change	  in	  incubation	  temperature	  from	  the	  optimum	  level	  (37.5o	  C)	  has	  a	  major	  impact	  on	  hatchability.	  The	  impact	  on	  hatchability	  is	  determined	  by	  magnitude	  of	  temperature	  deviation,	  duration	  of	  the	  deviation,	  and	  age	  at	  application	  during	  the	  incubation	  period.	  Joseph	  et	  al.	  (2006)	  reported	  that	  exposure	  of	  broiler	  eggs	  to	  36.6O	  C	  during	  the	  first	  10	  days	  of	  incubation	  reduced	  hatchability,	  increased	  body	  weight	  and	  chick	  yield	  and	  reduced	  first	  week	  body	  weight	  gain	  compared	  with	  the	  control	  temperature	  of	  37.8O	  C.	  Subsequent	  increase	  in	  incubation	  temperature	  to	  39.5O	  C	  from	  18	  to	  21	  days	  improved	  hatchability,	  reduced	  chick	  yield,	  and	  first	  week	  body	  weight	  gain	  compared	  with	  the	  control.	  By	  3	  weeks	  of	  age	  incubation	  temperature	  manipulation	  did	  not	  have	  a	  significant	  effect	  on	  performance.	  There	  have	  been	  studies	  of	  manipulating	  incubation	  temperature	  during	  embryo	  development	  to	  enhance	  hatchability.	  Collin	  et	  al.	  (2007)	  observed	  an	  improvement	  in	  hatchability	  when	  thermal	  stimulation	  of	  1.7O	  C	  above	  the	  optimum	  incubation	  temperature	  was	  used	  for	  3	  h/d	  from	  day	  8th	  to	  10th	  or	  from	  day	  16th	  to	  18th	  of	  incubation.	  However,	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hatchability	  was	  affected	  when	  broiler	  eggs	  were	  exposed	  to	  the	  same	  strength	  of	  thermal	  stimulation	  (1.7O	  C)	  continually	  from	  day	  7	  to	  16	  of	  incubation.	  No	  adverse	  effect	  was	  observed	  when	  the	  period	  of	  thermal	  stimulation	  was	  reduced	  to	  12	  h/d	  at	  the	  same	  time	  of	  embryogenesis	  (Piestun	  et	  al.,	  2008).	  In	  addition,	  Tzschentke	  and	  Halle	  (2009)	  and	  Halle	  and	  Tzschentke	  (2011)	  observed	  an	  improvement	  in	  hatchability	  when	  they	  used	  just	  1O	  C	  above	  the	  control	  (control	  was	  37.2O	  C)	  as	  thermal	  stimulation	  for	  2	  h/d	  at	  days	  18th,	  19th,	  20th	  and	  21st	  of	  incubation	  and	  the	  hatch	  response	  persisted	  to	  market	  and	  was	  reflected	  in	  improved	  body	  weight	  and	  feed	  conversion.	  	  Recent	  results	  (Piestun	  et	  al.,	  2013)	  showed	  that	  thermal	  stimulation,	  above	  the	  normal	  temperature,	  during	  pre-­‐incubation	  and	  during	  the	  first	  5	  days	  of	  embryogenesis	  improved	  hatchability.	  	  	  Incubation	  Temperature	  and	  Chick	  Quality	  The	  goal	  of	  hatchery	  management	  is	  to	  achieve	  a	  large	  number	  of	  marketable	  chicks	  from	  fertile	  eggs	  but	  it	  is	  well	  known	  that	  high	  hatchability	  is	  not	  always	  correlated	  positively	  with	  the	  best	  post	  hatch	  viability	  and	  performance	  of	  the	  chick.	  Day-­‐old	  chicks	  constitute	  the	  basis)	  for	  poultry	  production;	  therefore,	  growers	  desire	  to	  have	  chicks	  with	  low	  mortality	  and	  high	  performance	  at	  the	  farms	  (Tona	  et	  al.,	  2005;	  Bruggeman	  et	  al.,	  2009).	  Chick	  quality	  refers	  to	  a	  wide	  range	  of	  characteristics	  at	  assessment	  time	  that	  evaluate	  prior	  practices	  and	  relate	  or	  could	  relate	  to	  potential	  for	  health	  and	  performance	  in	  the	  post-­‐hatch	  period.	  Traits	  may	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be	  combined	  and	  a	  standardized	  score	  used	  to	  evaluate	  chicks.	  	  A	  good	  quality	  chick	  	  	  is	  clean,	  dry,	  and	  free	  from	  dirt	  and	  contamination,	  with	  clear,bright	  eyes,	  free	  from	  deformities	  and	  skin	  lesions,	  has	  normal	  leg	  conformation,	  well	  formed	  beak	  and	  firm,	  straight	  toes,	  and	  with	  a	  completely	  sealed	  and	  clean	  navel	  free	  of	  yolk	  sac	  or	  dried	  membranes.	  The	  chick	  should	  be	  alert,	  interested	  in	  its	  environment,	  and	  respond	  to	  sounds	  (Decuypere	  et	  al.,	  2001;	  Meijerhof,	  2005;	  Tona	  et	  al.,	  2005).	  The	  Pasgar	  score	  is	  an	  example	  of	  a	  standardized	  scoring	  system	  across	  a	  range	  of	  criteria	  including	  chick	  viability,	  yolk	  sac	  uptake	  and	  navel	  closure,	  leg	  and	  beak	  conformation	  and	  the	  ability	  of	  the	  chick	  to	  recover	  after	  being	  placed	  on	  its	  back.	  The	  highest	  chick	  quality	  score	  is	  ten	  and	  one	  point	  is	  distracted	  for	  each	  abnormality	  observed	  in	  five	  selected	  criteria.	  Incubation	  temperature	  is	  the	  most	  important	  factor	  that	  affects	  chick	  quality.	  Chicks	  incubated	  at	  high	  temperature	  hatched	  with	  white	  colour	  down,	  probably	  due	  to	  poor	  absorption	  of	  yolk	  pigments,	  and	  exhibited	  short	  feathers,	  red	  hocks,	  unhealed	  navels,	  cross	  beaks,	  weakness	  and	  unsteady	  gait	  (Leksrisompong	  et	  al.,	  2007).	  Many	  researchers	  have	  studied	  the	  effect	  of	  manipulation	  of	  incubation	  temperature	  during	  embryogenesis	  on	  the	  quality	  of	  hatched	  chick.	  Boerjan	  (2002)	  reported	  an	  improvement	  in	  chick	  quality	  when	  broiler	  breeder	  eggs	  from	  a	  flock	  over	  45	  weeks	  age	  were	  exposed	  to	  thermal	  stimulation	  of	  0.56O	  C	  continually	  in	  the	  last	  week	  of	  incubation	  and	  the	  Pasger	  score	  was	  9.1	  versus	  8.6	  between	  test	  group	  and	  control	  group	  respectively.	  Increasing	  the	  incubation	  temperature	  during	  late	  embryo	  development	  elevated	  plasma	  blood	  glucose	  concentrations	  (Christensen	  et	  al.,	  2001;	  2003	  and	  Willemsen	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et	  al.,	  2011)	  and	  strain	  by	  treatment	  alterations	  in	  insulin-­‐like	  growth	  factor	  concentration.	  Alteration	  in	  the	  concentration	  of	  hormones	  linked	  to	  metabolism	  and	  growth	  of	  embryos	  might	  affect	  the	  quality	  of	  hatched	  chicks	  (Decuypere	  and	  Bruggeman	  2007).	  Broiler	  chicken	  eggs	  exposed	  to	  thermal	  stimulation	  of	  1O	  C	  for	  2	  h/d	  from	  18	  to	  21	  days	  of	  incubation	  (DI)	  resulted	  in	  improved	  hatchability	  and	  high	  chick	  quality	  score	  (Tzschentke	  and	  Halle,	  2009,	  2010).	  	  	  Incubation	  Temperature	  and	  Chick	  Length	  Recently,	  some	  researchers	  have	  focused	  on	  the	  length	  of	  newly	  hatched	  chicks	  as	  an	  indicator	  of	  potential	  chick	  growth.	  Chick	  length	  is	  the	  distance	  from	  beak	  to	  toe	  measured	  by	  stretching	  the	  chick	  to	  its	  total	  length	  from	  tip	  of	  the	  beak	  to	  the	  tip	  of	  the	  middle	  toe.	  It	  is	  considered	  a	  better	  indicator	  of	  final	  body	  weight	  than	  day-­‐old	  chick	  weight,	  when	  corrected	  for	  egg	  weight	  and	  age	  of	  the	  breeder	  flock	  (Hill,	  2001;	  Wolanski	  et	  al.,	  2004;	  Joseph	  et	  al.,	  2006;	  Lourens	  et	  al.,	  2005).	  Molenaar	  et	  al.	  (2008)	  concluded	  that	  day-­‐old	  chick	  length	  is	  a	  better	  predictor	  of	  slaughter	  weight	  and	  breast	  meat	  yield	  than	  day-­‐old	  chick	  weight	  in	  males	  but	  in	  females	  the	  relationship	  was	  not	  strong.	  Hatch	  weight	  differences	  are	  largely	  explained	  by	  variation	  in	  residual	  yolk	  mass	  (Wolanski	  et	  al.,	  2004;	  Joseph	  et	  al.,	  2006)	  but	  chick	  length	  at	  hatch	  is	  evidence	  of	  embryonic	  development	  due	  to	  utilization	  of	  yolk	  and	  was	  significantly	  correlated	  with	  body	  weight	  at	  6	  weeks	  of	  age.	  The	  correlation	  between	  chick	  weight	  at	  hatch	  and	  6	  weeks	  body	  weight	  was	  weak	  and	  not	  significant.	  Therefore,	  chick	  length	  is	  a	  useful	  tool	  to	  measure	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embryonic	  development	  and	  as	  a	  predictor	  of	  chick	  growth	  potential	  (Wolanski	  et	  al.,	  2004).	  In	  contrast,	  Willemsen	  et	  al.	  (2008)	  reported	  that	  body	  weight	  at	  7	  days	  of	  age	  was	  the	  best	  predictor	  of	  body	  weight	  at	  slaughter	  age,	  followed	  by	  chick	  weight	  at	  day-­‐old,	  and	  body	  mass	  index	  (day-­‐old	  chick	  weight	  x	  chick	  length2).	  Variations	  in	  incubation	  temperature	  influence	  day-­‐old	  chick	  quality	  measurements.	  Low	  eggshell	  temperature	  (36.7O	  C)	  during	  the	  first	  week	  of	  incubation	  (control	  was	  37.8O	  C)	  or	  high	  eggshell	  temperature	  (38.9O	  C)	  during	  the	  third	  week	  of	  incubation	  reduced	  embryo	  length	  at	  18	  DI	  and	  at	  hatch	  (Lourens	  et	  al.,	  2005).	  Joseph	  et	  al.	  (2006)	  noted	  that	  low	  setter	  eggshell	  temperature	  of	  36.6O	  C	  from	  1-­‐10	  day	  of	  incubation	  reduced	  body	  length,	  whereas	  hatcher	  eggshell	  temperature	  had	  no	  effect.	  This	  differential	  response	  may	  be	  due	  to	  the	  longer	  exposure	  time	  to	  setter	  temperature	  (10	  days)	  compared	  with	  hatcher	  temperature	  (3	  days).	  	  Review	  of	  day-­‐old	  chick	  quality	  assessment	  indicated	  that	  there	  are	  several	  possible	  measurements.	  However,	  the	  results	  are	  equivocal	  and	  there	  are	  questions	  about	  the	  value	  of	  such	  measurements.	  If	  day-­‐old	  chick	  quality	  assessment	  is	  required	  to	  evaluate	  hatchery	  and	  incubation	  practices	  and/or	  post	  hatch	  performance	  then	  there	  is	  need	  for	  evaluation	  under	  field	  conditions	  in	  order	  determine	  if	  there	  is	  one	  good	  predictive	  tool	  for	  the	  purpose/s	  stated.	   	  Incubation	  Temperature	  and	  Sex	  Ratio	  In	  some	  lower	  vertebrates	  such	  as	  fish,	  reptiles	  and	  amphibians,	  sex	  determination	  is	  affected	  by	  some	  external	  factors	  among	  which	  the	  temperature	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during	  incubation	  is	  the	  most	  important	  (Ferguson	  and	  Joanen,	  1982;	  Deeming	  and	  Ferguson,	  1989;	  Strussmann	  and	  Patino	  1995,	  1999;	  Wallace	  et	  al.,	  1999;	  Selim	  et	  al.,	  2009).	  There	  is	  considerable	  interest	  in	  avian	  sex	  manipulation	  and	  several	  hypotheses	  have	  been	  advanced	  but	  no	  convincing	  evidence	  for	  temperature-­‐dependent	  sex	  determination	  (TSD)	  and	  use	  of	  temperature	  for	  sex	  ratio	  manipulation	  	  (Pike	  and	  Petrie,	  2003)	  until	  2005.	  In	  most	  breeds	  of	  domestic	  fowl,	  the	  primary	  sex	  ratio	  at	  time	  of	  fertilization	  is	  nearly	  equal	  but	  somehow	  one	  sex	  is	  more	  adjusted	  with	  the	  environmental	  condition	  during	  embryogenesis.	  Göth	  and	  Booth	  (2005)	  were	  the	  first	  to	  report	  that	  incubation	  temperature	  influence	  sex	  ratio	  in	  Australian	  brush-­‐turkeys	  (Alectura	  lathami),	  a	  mound-­‐building	  megapode.	  	  The	  average	  incubation	  temperature	  in	  natural	  mounds	  is	  about	  34O	  C	  but	  at	  31O	  C	  and	  36O	  C	  sex	  ratios	  were	  altered.	  More	  males	  hatched	  at	  31O	  C,	  more	  females	  hatched	  at	  36O	  C,	  and	  the	  ratio	  was	  almost	  1:1	  at	  34O	  C	  (Göth	  and	  Booth,	  2005).	  The	  explanation	  for	  the	  skewed	  sex	  ratio	  was	  differences	  in	  embryonic	  mortality	  (Eiby	  et	  al.,	  2008).	  The	  researchers	  observed	  that	  male	  embryo	  mortality	  was	  greater	  at	  higher	  incubation	  temperature	  while	  female	  embryo	  mortality	  was	  greater	  at	  lower	  incubation	  temperature	  and	  the	  embryonic	  mortality	  was	  equal	  at	  the	  intermediate	  incubation	  temperature.	  In	  a	  subsequent	  study	  that	  used	  the	  same	  species,	  incubation	  temperatures	  of	  32,	  34	  and	  36O	  C	  altered	  the	  amount	  of	  residual	  yolk	  and	  did	  not	  influence	  chick	  weight	  or	  body	  composition,	  but	  no	  information	  was	  given	  on	  sex	  ratio	  (Eiby	  and	  Booth,	  2009).	  Temperature-­‐dependent	  sex	  determination	  in	  poultry	  could	  have	  considerable	  impact	  in	  commercial	  poultry	  production.	  	  Limited	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evidence	  for	  the	  possibility	  of	  TSD	  in	  chickens	  was	  a	  report	  that	  short-­‐term	  warm	  stimulation,	  1O	  C	  increase	  above	  the	  optimum	  incubation	  temperature	  (37.2O	  C)	  for	  2	  h/d	  for	  the	  last	  four	  days	  of	  incubation	  (18-­‐21	  DI)	  induced	  a	  significantly	  higher	  proportion	  of	  hatched	  male	  chicks	  compared	  with	  the	  control	  (Tzschentke	  and	  Halle	  2009,	  2010).	  A	  reversal	  of	  the	  result	  was	  observed	  in	  Pekin	  ducks	  when	  their	  eggs	  were	  exposed	  to	  lower	  incubation	  temperature	  of	  1O	  C	  than	  control	  temperature	  of	  37.2o	  C	  for	  2	  h/d	  for	  the	  last	  6	  days	  of	  incubation,	  with	  more	  females	  hatched	  than	  males	  (Halle	  et	  al.,	  2012).	  The	  limited	  evidence	  for	  TSD	  in	  birds	  necessitates	  further	  research	  to	  test	  this	  effect	  in	  chickens,	  explore	  its	  possible	  application	  under	  commercial	  conditions,	  and	  unravel	  the	  mechanism	  by	  which	  low-­‐level,	  short	  term	  thermal	  stimuli	  alters	  secondary	  sex	  ratio.	   	  Incubation	  Temperature	  and	  Post	  Hatch	  Performance	  Day-­‐old	  chicks	  are	  the	  final	  product	  in	  a	  hatchery	  and	  the	  ultimate	  goal	  for	  a	  hatchery	  manager	  is	  to	  maximize	  hatchability	  with	  quality	  chicks.	  	  For	  the	  growers,	  these	  chicks	  are	  the	  basis	  of	  their	  business	  and	  need	  to	  perform	  well,	  express	  high	  viability,	  greater	  weight	  gain,	  and	  final	  body	  weight	  with	  good	  feed	  conversion.	  The	  quality	  of	  hatched	  chicks	  is	  a	  vital	  link	  between	  the	  hatchery	  and	  the	  farm	  (Decuypere	  et	  al.,	  2001).	  It	  is	  well	  documented	  that	  incubation	  temperature	  is	  the	  most	  critical	  environmental	  factor	  that	  impacts	  not	  only	  on	  hatchability	  and	  chick	  quality	  but	  also	  post-­‐hatch	  performance.	  Several	  researchers	  have	  investigated	  whether	  manipulation	  of	  incubation	  temperature	  during	  embryogenesis	  has	  long-­‐
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lasting	  effects	  on	  growth	  and	  performance	  (French,	  2009).	  Hulet	  et	  al.	  (2007)	  reported	  that	  either	  low	  or	  high	  incubation	  temperature	  during	  late	  phase	  of	  broiler	  embryogenesis	  influenced	  chick	  growth	  and	  performance.	  They	  divided	  broiler	  eggs	  into	  three	  groups;	  one	  group	  was	  exposed	  to	  low	  incubation	  temperature	  of	  36.5O	  C,	  the	  second	  group	  exposed	  to	  high	  incubation	  temperature	  of	  38.7O	  C	  continually	  from	  day	  16	  to	  21	  whereas	  the	  control	  group	  kept	  at	  37.6O	  C	  during	  the	  entire	  incubation	  period.	  The	  treated	  chicks	  had	  lower	  body	  weight	  and	  higher	  feed	  conversion	  in	  comparison	  to	  control	  group	  during	  the	  grow-­‐out	  period.	  Joseph	  et	  al.	  (2006)	  also	  observed	  a	  negative	  effect	  on	  chick	  weight	  when	  broiler	  eggs	  were	  exposed	  to	  low	  incubation	  temperature	  continually	  (36.6O	  C	  vs.	  37.8O	  C	  in	  the	  control	  group)	  in	  the	  early	  phase	  of	  embryogenesis	  from	  day	  0-­‐10	  DI.	  However,	  the	  authors	  recorded	  depression	  in	  body	  weight	  only	  in	  the	  first	  two	  weeks	  of	  age	  when	  high	  thermal	  treatment	  (39.5O	  C)	  was	  applied	  at	  late	  phase	  of	  embryogenesis	  from	  18-­‐21	  DI.	  In	  addition,	  temperature	  manipulation	  during	  turkey	  embryogenesis	  had	  a	  negative	  influence	  on	  post-­‐hatch	  performance	  (Krischek	  et	  al.,	  2013).	  Eggs	  were	  exposed	  to	  incubation	  temperature	  of	  38.5O	  C	  for	  4	  days	  between	  9-­‐12	  DI	  whereas	  the	  control	  eggs	  were	  incubated	  at	  37.5O	  C.	  They	  observed	  that	  treated	  poults	  had	  lower	  body	  weight	  across	  all	  grow-­‐out	  periods	  in	  comparison	  to	  the	  control	  group	  but	  temperature	  manipulation	  had	  no	  affect	  on	  meat	  quality.	  There	  have	  been	  a	  series	  of	  studies	  that	  provide	  evidence	  of	  long-­‐lasting	  changes	  in	  the	  perinatal	  epigenetic	  programming	  of	  body	  functions	  like	  improved	  thermo-­‐tolerance	  by	  temperature	  manipulation	  during	  embryogenesis	  (Moraes	  et	  al.,	  2003;	  Collin	  et	  al,.	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2005;	  Tzschentke	  and	  Plagemann,	  2006).	  Acclimating	  embryos	  to	  high	  temperature	  during	  the	  late	  phase	  of	  embryogenesis	  induced	  long	  term	  thermal	  adaption	  to	  heat	  stress	  later	  in	  life,	  reflected	  by	  lower	  body	  temperature	  and	  better	  body	  weight	  than	  an	  untreated	  group	  at	  hot	  environmental	  conditions	  during	  the	  grow-­‐out	  (Yalcin	  et	  al.,	  2010).	  In	  the	  last	  days	  of	  embryo	  development	  the	  thermoregulatory	  system	  and	  related	  adaptive	  mechanisms	  are	  well	  developed	  and	  can	  react	  to	  changes	  in	  incubation	  temperature	  (Tzschentke,	  2007).	  Broiler	  eggs	  treated	  with	  thermal	  stimulation	  of	  1.7O	  C	  above	  the	  control	  temperature	  of	  37.8o	  C	  during	  7-­‐16	  DI	  for	  12	  h/d	  resulted	  in	  chicks	  that	  performed	  better	  than	  the	  control	  group	  when	  exposed	  to	  a	  temperature	  of	  32o	  C	  for	  12h/d	  from	  21	  to	  35	  weeks	  	  (Piestun	  et	  al.,	  2011).	  	  Collin	  et	  al.	  (2007)	  noted	  that	  when	  embryos	  were	  exposed	  to	  thermal	  stimulation	  of	  1.7O	  C	  above	  the	  control	  temperature	  of	  37.8o	  C	  for	  3	  h/d	  from	  16-­‐18	  DI,	  the	  treated	  chicks	  produced	  higher	  breast	  meat	  yield	  than	  control	  group	  at	  42	  days	  of	  age,	  but	  with	  no	  significant	  change	  in	  body	  weight.	  Embryonic	  temperature	  manipulations	  increased	  myofiber	  diameter	  in	  post-­‐hatch	  chicks	  and	  increased	  the	  breast	  meat	  yield	  (Piestun	  et	  al.,	  2009,	  2011).	  Temperature	  manipulation	  was	  conducted	  on	  16-­‐18	  DI	  of	  broiler	  embryogenesis	  at	  39.5O	  C	  for	  3	  or	  6	  hours	  daily;	  controls	  were	  kept	  continuously	  at	  37.8O	  C.	  Body	  weight	  was	  higher	  in	  the	  treatment	  groups	  than	  in	  the	  control	  from	  day	  9	  onward.	  At	  25	  and	  35	  days	  of	  age	  body	  weight	  and	  absolute	  pectoral	  muscle	  growth	  presented	  as	  relative	  percentage	  were	  significantly	  higher	  in	  both	  treatment	  groups	  when	  compared	  to	  the	  controls.	  In	  another	  report,	  increasing	  incubation	  temperature	  by	  1O	  C	  for	  2	  h/d	  on	  18-­‐21	  DI	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had	  a	  positive	  long-­‐lasting	  impact	  on	  chick	  performance	  but	  more	  importantly	  provided	  evidence	  that	  male	  broiler	  chickens	  incubated	  under	  short-­‐term	  warm	  stimulation	  reached	  higher	  body	  weight	  at	  market	  age	  with	  significantly	  lower	  feed:	  gain	  ratio	  in	  comparison	  to	  males	  from	  control	  incubation	  temperature	  (Tzschentke	  and	  Halle,	  2009).	  Response	  to	  short	  term	  thermal	  stimulation	  during	  incubation	  varies	  between	  different	  avian	  species.	  Some	  species	  showed	  better	  post	  hatch	  performance	  when	  exposed	  to	  high	  thermal	  stimulation	  during	  late	  phase	  of	  embryogenesis	  while	  others	  showed	  better	  post	  hatch	  performance	  when	  exposed	  to	  low	  thermal	  stimulation	  at	  the	  same	  period	  of	  embryogenesis.	  Halle	  et	  al.	  (2012)	  noted	  that	  Pekin	  ducks	  egg	  treated	  with	  1O	  C	  above	  the	  control	  temperature	  of	  37.6o	  C	  for	  2	  h/d	  from	  23-­‐28	  DI	  reduced	  body	  weight	  and	  feed	  conversion	  was	  higher	  than	  the	  control.	  In	  contrast,	  when	  eggs	  were	  exposed	  to	  cold	  stimulation	  of	  1O	  C	  below	  the	  control	  temperature	  of	  37.6o	  C	  there	  was	  improvement	  in	  body	  weight	  and	  feed	  conversion.	  	  Even	  though	  many	  laboratory	  studies	  have	  shown	  beneficial	  effects	  of	  thermal	  stimulation	  during	  chicken	  embryo	  development,	  the	  concept	  has	  not	  been	  implemented	  in	  commercial	  practice.	  Therefore,	  the	  interest	  of	  this	  research	  was	  to	  investigate	  the	  effect	  of	  thermal	  stimulation	  during	  late	  broiler	  embryogenesis	  on	  hatchability,	  chick	  quality,	  secondary	  sex	  ratio	  and	  post-­‐hatch	  performance	  under	  field	  conditions.	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CHAPTER	  3	  	  MEASUREMENT	  OF	  VARIABILITY	  IN	  HATCHABILITY	  &	  SELECTED	  CHICK	  RESPONSES	  TO	  DETERMINE	  SAMPLE	  SIZE	  	  The	  objective	  of	  this	  dissertation	  research	  was	  to	  determine	  the	  effect	  of	  short-­‐duration	  thermal	  stimulation	  from	  18-­‐20	  days	  of	  incubation	  (DI)	  on	  hatchability,	  chick	  hatch	  weight,	  chick	  quality,	  sex	  distribution,	  and	  subsequent	  performance.	  	  The	  experiments	  were	  conducted	  in	  a	  commercial	  hatchery	  with	  hatcher	  capacity	  of	  42,240	  eggs/unit	  arranged	  in	  six	  trolleys,	  16	  tiers/trolley	  and	  5	  trays/tier	  with	  88	  eggs/tray	  with	  eggs	  from	  different	  farms	  and	  strains	  of	  broiler	  chickens.	  	  Hatchability	  is	  an	  important	  characteristic	  to	  consider	  when	  incubation	  conditions	  are	  manipulated	  as	  in	  the	  proposed	  study	  on	  thermal	  manipulation	  during	  18-­‐20	  DI.	  Hatchability	  is	  influenced	  by	  many	  factors	  but	  in	  relation	  to	  the	  proposed	  experiment	  there	  was	  a	  need	  to	  minimize	  variation	  from	  all	  sources	  in	  order	  to	  evaluate	  the	  effect	  of	  thermal	  manipulation.	  	  Hence	  preliminary	  experiments	  were	  conducted	  to	  determine	  the	  effect	  of	  egg	  location	  in	  the	  hatcher,	  computation	  of	  sample	  variance	  for	  chick	  weight,	  chick	  rectal	  temperature,	  and	  chick	  quality.	  	  Since	  hatching	  eggs	  originated	  from	  different	  farms	  the	  effects	  of	  farm,	  house	  and	  strain	  on	  hatchability	  was	  determined	  using	  data	  collected	  over	  a	  three-­‐year	  period	  by	  Fieldale	  Farms	  Corporation,	  Baldwin,	  Georgia.	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Effect	  of	  Egg	  Location	  in	  Hatcher	  Since	  the	  routine	  practice	  at	  the	  hatchery	  was	  to	  sample	  trays	  from	  the	  top,	  middle,	  and	  bottom,	  it	  was	  ascertained	  whether	  the	  location	  of	  trays	  in	  the	  hatcher	  could	  influence	  some	  of	  the	  selected	  response	  variables.	  
Procedures:	  Residue	  breakout	  analysis	  records,	  with	  trays	  sampled	  from	  three	  locations	  (top,	  middle,	  and	  bottom),	  were	  obtained	  from	  Fieldale	  Farms	  Corporation,	  Lavonia	  Hatchery,	  Lavonia,	  Georgia	  to	  investigate	  the	  effect	  of	  egg	  location	  in	  the	  hatcher.	  Initially,	  a	  small	  data	  set,	  consisting	  of	  12	  observations	  with	  4	  values	  for	  each	  location,	  was	  used.	  	  Subsequently,	  additional	  records	  were	  collected	  to	  increase	  sample	  size	  to	  153	  observations	  with	  51	  data	  points	  for	  each	  location.	  	  Each	  data	  set	  was	  analyzed	  by	  one-­‐way	  analysis	  of	  variance	  using	  SAS	  software	  version	  9.2	  and	  protection	  against	  type	  I	  error	  set	  at	  0.05.	  
Results:	  The	  location	  mean	  and	  standard	  deviation	  (SD)	  for	  %	  hatchability	  for	  the	  two	  samples	  are	  presented	  in	  Table	  3.1.	  A	  statistically	  significant	  location	  effect	  was	  not	  detected	  in	  either	  the	  small	  or	  large	  sample	  (p>0.05).	  	  In	  the	  small	  sample,	  mean	  hatchability	  ranged	  from	  85.1	  to	  90.5%	  for	  the	  top	  and	  bottom	  trays	  respectively	  with	  a	  high	  SD	  of	  7.43	  for	  the	  middle	  trays.	  A	  tighter	  cluster	  of	  means	  and	  SDs	  were	  observed	  with	  the	  large	  sample.	  	  With	  the	  large	  sample	  the	  difference	  between	  means	  was	  1.2%	  and	  the	  SD	  for	  top,	  middle,	  and	  bottom	  was	  3.56,	  3.94,	  and	  4.20	  respectively.	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Table	  3.1-­‐	  Effect	  of	  location	  of	  trays	  in	  the	  incubator	  on	  hatchability	  Sample	  Size	   Location	   Mean	  ±	  SD	  4	   Top	   85.1	  ±	  2.01	  4	   Middle	   87.9	  ±	  7.43	  4	   Bottom	   90.5	  ±	  2.01	  51	   Top	   87.2	  ±	  3.57	  51	   Middle	   88.5	  ±	  3.94	  51	   Bottom	   88.4	  ±	  4.11	  	  
Conclusion:	  There	  was	  insufficient	  evidence	  to	  conclude	  that	  location	  of	  trays	  in	  the	  hatcher	  had	  an	  effect	  on	  hatchability	  and	  the	  decision	  was	  made	  to	  sample	  the	  experimental	  unit	  (42,240	  egg	  capacity	  unit)	  randomly	  in	  the	  proposed	  study.	  	  Computation	  of	  Sample	  Variance	  and	  Sample	  Size	  The	  decision	  to	  select	  trays	  at	  random	  prompted	  the	  question	  of	  what	  is	  the	  appropriate	  sample	  size	  needed	  to	  investigate	  the	  effect	  of	  temperature	  stimulation	  during	  the	  last	  four	  days	  of	  incubation	  on	  selected	  response	  variables.	  If	  classical	  hypothesis	  testing	  is	  used	  an	  experiment	  is	  designed	  to	  protect	  the	  null	  hypothesis	  and	  make	  decisions	  about	  the	  outcome	  of	  temperature	  stimulation,	  which	  is	  indicated	  by	  a	  small	  P-­‐value.	  	  A	  large	  P-­‐value	  may	  lead	  to	  an	  incorrect	  conclusion	  that	  temperature	  stimulation	  has	  no	  effect	  on	  outcomes.	  	  Lack	  of	  evidence	  of	  a	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difference	  in	  such	  experiments	  may	  be	  the	  result	  of	  inadequate	  sample	  sizes,	  small	  treatment	  differences,	  or	  simply	  chance.	  In	  the	  proposed	  study	  the	  goal	  was	  just	  the	  opposite	  to	  demonstrate	  that	  temperature	  stimulation	  is	  equivalent	  or	  not	  inferior	  to	  the	  temperature	  schedule	  used	  by	  Fieldale	  Farms	  Corporation	  with	  respect	  to	  hatchability.	  	  Since	  the	  aim	  of	  the	  proposed	  study	  was	  to	  change	  the	  program	  of	  incubation	  temperature,	  a	  non-­‐inferiority	  test	  was	  chosen	  to	  evaluate	  the	  data.	  The	  objective	  of	  a	  non-­‐inferiority	  test	  is	  to	  conclude	  that	  the	  new	  procedure	  is	  not	  appreciably	  worse	  than	  the	  current	  procedure.	  	  If	  µCurrent is the average	  for	  a	  specific	  
response	  variable	  using	  the	  current	  procedure	  and	  if	  µNew is the average for the same 
response variable under the new procedure, then the null	  hypothesis	  is	  as	  follows: 
H0: µ Current − µ New ≥ δ 
where δ	  is	  the	  difference	  that	  is	  assumed	  to	  be	  appreciably	  worse.	  The	  alternative	  hypothesis	  is	  that	  the	  new	  procedure	  is	  not	  appreciably	  worse	  than	  the	  current	  procedure.	  So	  the	  alternative	  hypothesis	  is	  	  
HA: µ Current − µ New < δ 	  Type	  I	  Error	  for	  the	  test	  is	  to	  conclude	  the	  new	  procedure	  is	  not	  appreciably	  worse	  than	  the	  current	  procedure	  when	  actually	  the	  new	  procedure	  is	  appreciably	  worse.	  Type	  II	  Error	  for	  the	  test	  is	  to	  conclude	  the	  new	  procedure	  is	  appreciably	  worse	  when	  actually	  the	  new	  procedure	  is	  not	  appreciably	  worse.	  	  Since	  the	  Type	  I	  Error	  represents	  a	  more	  serious	  consequence	  than	  the	  Type	  II	  Error,	  the	  level	  of	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significance	  (α)	  is	  set	  at	  0.01.	  The	  purpose	  of	  this	  preliminary	  experiment	  was	  to	  collect	  data	  to	  compute	  the	  variances	  between	  trays	  and	  within	  chicks	  in	  trays	  for	  each	  response	  variable	  and	  then	  use	  the	  information	  to	  determine	  sample	  size	  and	  the	  power	  for	  not	  making	  a	  Type	  II	  Error.	  	  	  
Procedures:	  	  Since	  there	  was	  no	  information	  on	  variance	  for	  the	  selected	  responses	  multistage	  sampling	  was	  used	  from	  the	  hatcher	  tray	  population.	  Multistage	  random	  sampling	  occurs	  when	  trays	  are	  randomly	  selected	  from	  the	  given	  population	  and	  chicks	  randomly	  selected	  from	  the	  sampled	  trays.	  The	  sampling	  plan	  was	  to	  select	  n	  trays	  from	  the	  hatcher	  and	  m	  chicks	  from	  each	  tray.	  	  The	  first	  approximation	  was	  made	  to	  sample	  6	  trays	  and	  20	  chicks	  from	  each	  tray.	  	  The	  trays	  were	  numbered	  1-­‐480	  and	  by	  using	  the	  SAS	  random	  sampling	  program	  six	  trays	  were	  selected	  a	  priori	  (Table	  3.2).	  A	  regular	  hatch	  at	  Fieldale	  Lavonia	  Hatchery	  was	  selected	  and	  six	  sample	  trays	  were	  color	  coded	  while	  awaiting	  transfer	  to	  the	  conveyor	  belt.	  	  As	  each	  coded	  tray	  appeared	  on	  the	  conveyor	  belt,	  a	  sample	  of	  20	  chicks	  was	  randomly	  selected.	  The	  chicks	  were	  taken	  to	  another	  room	  maintained	  at	  26.7	  C	  for	  recording	  measurements.	  	  Rectal	  temperature	  was	  measured	  with	  a	  thermocouple	  thermometer	  (Fluke	  51	  Series	  II,	  Fluke	  Corporation,	  Everett,	  WA	  98206,	  USA)	  and	  chick	  weight	  recorded	  to	  the	  nearest	  gram	  (Sartorius	  0.00).	  These	  observations	  were	  completed	  within	  one	  hour	  of	  sampling.	  Then	  the	  chicks	  were	  evaluated	  using	  the	  Pasgar	  score	  (vitality,	  navel,	  legs,	  beck	  and	  belly).	  The	  highest	  chick	  quality	  has	  a	  score	  of	  10	  and	  one	  point	  was	  subtracted	  for	  each	  abnormality	  recorded	  in	  one	  of	  the	  five	  criteria.	  Chick	  quality	  is	  assessed	  at	  the	  Lavonia	  Hatchery	  by	  a	  three-­‐point	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score.	  	  A	  perfect	  navel	  that	  is	  completely	  closed	  was	  scored	  as	  1,	  a	  navel	  with	  a	  small	  black	  knob	  is	  2,	  and	  a	  navel	  with	  large	  black	  knob	  scored	  as	  3.	  	  I	  converted	  the	  Lavonia	  Hatchery	  navel	  score	  system	  to	  follow	  the	  Pasgar	  score	  by	  combining	  scores	  2	  and	  3	  to	  yield	  one	  point	  that	  is	  subtracted	  for	  the	  abnormality.	  	  
Results:	  The	  data	  collected	  for	  each	  characteristic	  was	  used	  to	  compute	  the	  variance	  for	  the	  trays	  and	  the	  variance	  for	  the	  chicks	  (Table	  3.2).	  Then	  these	  variances	  were	  used	  to	  calculate	  the	  variance	  and	  standard	  error	  for	  various	  n	  and	  m	  (trays	  and	  chicks)	  values	  for	  each	  variable.	  The	  variances	  and	  standard	  errors	  were	  different	  for	  the	  measured	  responses	  and	  these	  were	  dependent	  on	  the	  variance	  between	  the	  trays	  and	  the	  variance	  within	  the	  chicks	  for	  each	  response	  variable.	  	  To	  study	  the	  effect	  of	  temperature	  manipulation	  during	  the	  last	  four	  days	  of	  incubation	  on	  response	  variables	  a	  sample	  size	  must	  be	  selected	  which	  has	  a	  reasonable	  standard	  error,	  and	  provide	  a	  high	  probability	  of	  not	  making	  a	  Type	  II	  Error.	  From	  the	  results	  for	  chick	  weight,	  the	  sample	  size	  that	  provides	  a	  high	  probability	  against	  Type	  II	  error	  (>0.999)	  is	  120	  observations	  with	  a	  standard	  error	  of	  0.32311	  (Figure	  3.1).	  	  This	  consisted	  of	  6	  trays	  and	  20	  chicks	  from	  each	  tray.	  Since	  rectal	  temperature	  and	  chick	  quality	  were	  less	  variable	  (Table3.2),	  the	  sample	  size	  needed	  to	  obtain	  the	  same	  level	  of	  the	  protection	  against	  Type	  II	  error	  is	  only	  36	  -­‐	  sample	  6	  trays	  and	  6	  chicks	  from	  each	  tray.	  The	  whole	  incubator	  or	  hatcher	  was	  considered	  an	  experimental	  unit,	  hence	  the	  experiment	  needed	  a	  minimum	  of	  3	  replicates	  to	  reach	  a	  high	  probability	  of	  not	  making	  Type	  II	  error	  (Figure	  3.2).	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Table	  3.2-­‐	  Means	  and	  pooled	  variance	  for	  selected	  chick	  variables	  at	  hatching	  Characteristic	   Mean	   SD	  chicks	   SD	  trays	  Chick	  weight,	  g	   44.69	   16.198	   1.358	  Rectal	  Temperature,	  C	   39.32	   1.0723	   0.606	  Chick	  quality	   9.41	   0.255	   0.0183	  	  
Conclusion:	  	  Based	  on	  the	  variance	  of	  chick	  weight	  sampling	  6	  trays	  and	  20	  chicks	  per	  tray	  was	  adequate	  to	  provide	  120	  observations	  per	  replication	  over	  time.	  	  In	  the	  case	  of	  rectal	  temperature	  and	  chick	  quality	  a	  sample	  of	  6	  trays	  with	  6	  chicks	  per	  tray	  and	  36	  observations	  over	  time	  was	  adequate.	  	  Effect	  of	  Farm	  and	  Strain	  
Procedure:	  Actual	  hatch	  data	  from	  2009	  and	  2010	  were	  obtained	  from	  Fieldale	  Hatchery	  at	  Lavonia,	  GA.	  Since	  Lavonia	  Hatchery	  does	  not	  receive	  eggs	  continually	  every	  week	  from	  the	  same	  farm,	  data	  collected	  from	  10	  Fieldale	  breeder	  farms	  were	  used.	  Each	  farm	  had	  2	  houses	  and	  flock	  age	  ranged	  from	  34	  to	  39	  weeks.	  These	  data	  were	  used	  to	  investigate	  whether	  farms	  and	  houses	  influence	  hatchability.	  In	  addition	  to	  the	  study,	  the	  effect	  of	  strain	  crosses	  on	  hatchability,	  two	  crosses	  (4/F	  and1/F)	  were	  selected	  at	  age	  35	  weeks.	  
Results:	  Farm	  means	  for	  hatchability	  (Table	  3.3)	  showed	  that	  breeding	  farms	  in	  the	  integrated	  operation	  did	  not	  differ	  significantly	  (P=	  0.48).	  	  Mean	  hatchability	  for	  two	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houses	  at	  a	  specific	  farm	  was	  89.2	  and	  89.5	  (P=	  0.55).	  Mean	  hatchability	  for	  strain	  1F	  and	  4F	  was	  89	  and	  87.5%	  respectively	  (P=	  0.13).	  	  Table	  3.3-­‐	  Effect	  of	  Farm	  on	  Hatchability	  Farm	   Actual	  Hatch	  (%)	  A	   88.1	  B	   89.9	  C	   90.3	  D	   88.7	  E	   87.9	  F	   88.8	  G	   89.6	  H	   90.9	  I	   89.7	  J	   89.6	  SEM	   0.9419	  	  
Conclusion:	  There	  was	  insufficient	  evidence	  to	  conclude	  that	  there	  were	  statistically	  significant	  differences	  between	  farms	  and	  strains	  in	  hatchability.	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Figure	  3.1-­‐	  The	  relationship	  between	  the	  number	  of	  chicks	  and	  the	  standard	  error	  	  	  for	  chick	  weight	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Figure	  3.2-­‐	  The	  relationship	  between	  the	  mean	  differences	  between	  control	  and	  treatment	  and	  the	  probability	  of	  Type	  II	  error	  for	  chick	  weight	  
	  This	  graph	  shows	  the	  relationship	  between	  the	  mean	  difference	  in	  chick	  weight	  between	  the	  control	  group	  and	  the	  test	  group	  plus	  the	  number	  of	  replications	  (N)	  over	  time	  and	  the	  power	  of	  not	  making	  Type	  II	  Error	  to	  conclude	  the	  new	  procedure	  is	  appreciably	  worse	  when	  actually	  the	  new	  procedure	  is	  not	  appreciably	  worse.	  From	  the	  graph,	  it	  can	  be	  seen	  that	  the	  power	  of	  not	  making	  Type	  II	  Error	  increased	  as	  N	  increased	  and	  the	  best	  power	  was	  achieved	  when	  the	  experiment	  had	  more	  than	  3	  replicates	  irrespective	  of	  the	  difference	  between	  the	  two	  groups.	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CHAPTER	  4	  	  HATCH	  AND	  POST-­‐HATCH	  RESPONSE	  TO	  THERMAL	  STIMULATION	  DURING	  INCUBATION	  	  Introduction	  Incubation	  temperature	  is	  the	  most	  important	  external	  factor	  that	  influences	  avian	  embryogenesis	  and	  hatchability.	  In	  forced-­‐draft	  incubators	  the	  optimum	  incubation	  temperature	  for	  chicken	  eggs	  is	  between	  37.2o-­‐37.8o	  C	  and	  changes	  of	  1o	  C	  have	  major	  effects	  on	  hatching	  results	  in	  chickens	  (Landauer,	  1961;	  Freeman	  and	  Vince,	  1974).	  An	  increase	  in	  incubation	  temperature	  has	  an	  impact	  on	  both	  embryonic	  development	  and	  hatching	  results	  and	  response	  to	  the	  manipulation	  of	  incubation	  temperature	  depends	  on	  the	  intensity	  and	  duration	  of	  thermal	  stimulation,	  and	  the	  embryonic	  age	  at	  application	  (French,	  2002).	  Sustained	  thermal	  stimulation	  of	  0.56O	  C	  above	  the	  control	  temperature	  during	  the	  last	  week	  of	  broiler	  embryo	  development	  improved	  viability	  and	  increased	  chick	  quality	  score	  of	  hatched	  chicks	  (Boerjan,	  2002).	  Using	  1.7O	  C	  above	  the	  control	  temperature	  of	  37.8o	  C	  as	  thermal	  stimulation	  during	  18-­‐21	  days	  of	  incubation	  (DI)	  improved	  hatchability	  (Joseph	  et	  al.,	  2006;	  Collin	  et	  al.,	  2007).	  With	  lower	  intensity	  of	  thermal	  stimulation	  just	  1O	  C	  above	  the	  control	  temperature	  of	  37.2o	  C	  for	  2	  h/d	  from	  18-­‐21	  DI	  hatchability	  was	  improved	  (Tzschentke	  and	  Hall,	  2009).	  In	  addition,	  a	  series	  of	  studies	  showed	  that	  manipulation	  of	  incubation	  temperature	  during	  critical	  times	  of	  embryo	  development	  caused	  long-­‐lasting	  changes	  in	  the	  perinatal	  epigenetic	  programming	  of	  body	  functions	  and	  improved	  thermo	  tolerance	  of	  the	  chicks	  at	  a	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later	  age	  (Moraes	  et	  al.,	  2003;	  Collin	  et	  al,.	  2005	  ;	  Tzschentke	  and	  Plagemann,	  2006).	  In	  the	  last	  days	  of	  embryo	  development	  the	  thermoregulatory	  system	  and	  related	  adaptive	  mechanisms	  are	  well	  developed	  and	  hence	  can	  react	  to	  changes	  in	  incubation	  temperature	  (Tzschentke,	  2007).	  Further,	  embryonic	  temperature	  manipulation	  by	  1.7O	  C	  above	  the	  optimum	  incubation	  temperature	  for	  3	  or	  6	  hours	  per	  day	  in	  the	  late	  period	  of	  incubation	  (16-­‐18	  DI)	  increased	  diameter	  of	  myofibers	  and	  improved	  breast	  meat	  yield	  in	  broiler	  chickens	  (Collin	  et	  al.,	  2007;	  Piestun	  et	  al.,	  2009,	  2013).	  In	  another	  report,	  increasing	  incubation	  temperature	  by	  1O	  C	  for	  2	  hours	  daily	  from	  18-­‐21	  DI	  had	  a	  positive	  long-­‐lasting	  impact	  on	  chick	  performance	  but	  more	  importantly	  provided	  evidence	  that	  male	  broiler	  chickens	  incubated	  under	  short-­‐term	  thermal	  stimulation	  reached	  the	  highest	  final	  fattening	  weight	  with	  significantly	  lower	  feed:gain	  ratio	  in	  comparison	  to	  males	  from	  control	  incubation	  temperature	  (Tzschentke	  and	  Halle,	  2009).	  Recent	  studies	  showed	  that	  intermittent	  thermal	  manipulation	  during	  avian	  embryo	  development	  skewed	  the	  secondary	  sex	  ratio	  in	  Australian	  brush-­‐turkeys	  (Göth	  &	  Booth,	  2005;	  Eiby	  et	  al.,	  2008),	  in	  broiler	  chickens	  (Tzschentke	  and	  Halle	  2009,	  2010)	  and	  in	  Pekin	  ducks	  (Halle	  et	  al.,	  2012).	  	  Alteration	  in	  sex	  ratio	  induced	  by	  thermal	  stimulation	  could	  have	  a	  major	  impact	  on	  poultry	  production.	  The	  aim	  of	  this	  study	  was	  to	  apply	  the	  concept	  of	  thermal	  stimulation	  during	  broiler	  embryo	  development	  under	  commercial	  hatchery	  conditions.	  To	  avoid	  the	  possibility	  of	  harmful	  effects	  on	  hatching	  results,	  low	  intensity	  of	  thermal	  stimulation	  was	  used.	  This	  experiment	  was	  conducted	  to	  investigate	  the	  effect	  of	  low	  strength,	  short	  duration	  thermal	  stimulation	  during	  late	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embryogenesis	  on	  hatchability,	  secondary	  sex	  ratio	  and	  growth	  performance	  of	  broiler	  chicken	  under	  field	  conditions.	  In	  collaboration	  with	  Fieldale	  Farms	  Corporation,	  Baldwin	  GA	  two	  experiments	  were	  conducted	  at	  Lavonia	  Hatchery,	  GA.	  
	   Materials	  and	  Methods	  In	  two	  experiments,	  two	  setters	  and	  hatchers	  (Hatch	  Tech)	  with	  capacity	  of	  42240	  eggs	  were	  used	  and	  one	  served	  as	  the	  control	  and	  the	  other	  as	  the	  test.	  Each	  unit	  had	  6	  racks	  (80	  trays/rack;	  88	  eggs/tray).	  Eggs	  from	  breeders	  37	  to	  41	  weeks	  of	  age	  (Hubbard)	  were	  used	  with	  weight	  ranges	  between	  59.5	  and	  61.5	  grams.	  The	  test	  machines	  had	  the	  same	  physical	  environment	  as	  the	  control	  machines	  except	  that	  a	  thermal	  stimulus	  of	  0.5O	  C	  above	  the	  optimal	  incubation	  temperature	  was	  superimposed	  each	  day	  for	  2	  h/d	  from	  18-­‐20	  DI.	  Incubation	  temperature	  was	  37.4C	  and	  relative	  humidity	  was	  55-­‐60%.	  Thermal	  stimulation	  was	  applied	  one	  time	  in	  the	  incubator	  (day	  18th)	  and	  twice	  in	  the	  hatcher	  (days	  19th	  and	  20th).	  The	  whole	  incubator	  or	  hatcher	  was	  considered	  an	  experimental	  unit,	  hence	  the	  experiment	  was	  repeated	  with	  four	  replications	  over	  time	  in	  Experiment	  1	  and	  five	  in	  Experiment	  2.	  Moisture	  loss	  during	  incubation	  was	  measured	  based	  on	  the	  difference	  between	  initial	  egg	  weight	  and	  weight	  of	  eggs	  at	  day	  of	  transfer.	  Six	  trays	  of	  eggs	  were	  selected	  randomly,	  weighed,	  and	  identified	  on	  the	  day	  of	  setting	  and	  reweighed	  on	  the	  day	  of	  transfer.	  	  Embryo	  temperature	  was	  measured	  at	  day	  of	  transfer.	  Seven	  trays	  were	  sampled	  from	  each	  group	  and	  two	  live	  embryos	  were	  subsampled	  from	  each	  tray;	  embryo	  temperature	  was	  measured	  by	  inserting	  a	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thermometer	  (Bestmed,	  LLC.	  Golden,CO.	  KD-­‐192/Digital	  Thermometer)	  into	  the	  egg	  from	  the	  large	  end	  of	  the	  egg.	  At	  day	  of	  hatch,	  seven	  trays	  were	  sampled	  from	  each	  group	  and	  26	  chicks	  were	  subsampled	  from	  each	  tray	  (total	  182	  chicks/	  group/replicate)	  to	  measure	  selected	  response	  variables.	  Chick	  rectal	  temperature	  was	  measured	  immediately	  after	  the	  chicks	  were	  pulled	  out	  from	  the	  hatcher.	  	  Electronic	  thermometer	  (Fluke	  51	  single	  input	  thermometer)	  with	  an	  accuracy	  of	  0.3o	  C	  was	  used	  to	  measure	  chick	  body	  temperature.	  Chicks	  were	  weighted	  and	  average	  body	  weight	  was	  calculated	  for	  each	  group.	  Chick	  quality	  was	  evaluated	  using	  the	  Pasgar	  scoring	  system	  (vitality,	  navel,	  legs,	  beak,	  and	  belly).	  The	  highest	  chick	  quality	  received	  a	  score	  of	  10	  and	  one	  point	  subtracted	  for	  each	  abnormality	  observed	  in	  one	  of	  the	  5	  criteria.	  Chick	  length	  was	  measured	  by	  stretching	  the	  chick	  to	  its	  total	  length	  (from	  the	  tip	  of	  the	  beak	  to	  the	  end	  of	  the	  middle	  toe)	  along	  a	  ruler.	  Residual	  yolk	  sac	  was	  collected	  after	  the	  chick	  were	  euthanized,	  weighed	  and	  calculated	  as	  a	  percentage	  of	  chick	  body	  weight	  for	  each	  group.	  Sex	  ratio	  was	  calculated	  based	  on	  the	  number	  of	  male	  and	  female	  from	  each	  group.	  In	  Experiment	  1,	  a	  total	  of	  728	  chicks	  from	  each	  group	  (182	  chicks	  from	  each	  replicate)	  and	  in	  Experiment	  2	  a	  total	  of	  910	  chicks	  from	  each	  group	  (182	  chicks	  from	  each	  replicate)	  were	  euthanized,	  dissected	  and	  sex	  determined	  by	  visual	  examination.	  About	  20,000	  chicks	  from	  each	  group	  (test	  and	  control)	  were	  placed	  weekly	  on	  grower	  farms	  for	  grow-­‐out	  evaluation.	  Each	  farm	  had	  two	  houses	  with	  one	  assigned	  for	  control	  and	  the	  other	  for	  the	  test	  chicks.	  Four	  farms	  in	  Experiment	  1	  and	  five	  farms	  in	  Experiment	  2	  were	  used.	  The	  duration	  of	  the	  grow-­‐out	  period	  was	  49	  days.	  At	  7days	  
	   29	  
of	  age	  150	  birds	  were	  sampled	  from	  each	  group	  (600	  birds/group	  in	  Experiment	  1	  and	  750	  chicks/group	  in	  Experiment	  2),	  weighed	  and	  average	  body	  weight	  was	  calculated.	  The	  proportion	  of	  males	  was	  counted	  based	  on	  the	  number	  of	  males	  from	  each	  group.	  Birds	  were	  euthanized,	  dissected	  and	  visually	  examined	  for	  presence	  of	  testes.	  	   	  Experimental	  Design	  &	  Statistical	  Analysis	  Each	  experiment	  had	  two	  phases.	  Phase	  one	  was	  at	  the	  hatchery	  and	  phase	  two	  was	  at	  a	  grow-­‐out	  farm.	  In	  phase	  one,	  a	  completely	  randomized	  design	  was	  used	  with	  multi-­‐stage	  subsampling	  and	  replication	  over	  time	  with	  4	  replicates	  in	  Experiment	  I	  and	  five	  replicates	  in	  Experiment	  2.	  	  Non-­‐inferiority	  test	  was	  used	  for	  all	  the	  data	  collected	  at	  the	  hatchery	  except	  sex	  ratio	  was	  analysed	  by	  using	  Glimmix:	  	  Ln	  (π/1-­‐π)=	  μ	  +	  ti	  +	  eij	  	  	  where	  	  π	  =	  the	  proportion	  of	  males	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  μ	  =	  the	  overall	  mean	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ti	  =	  treatment	  effect	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  eij	  =	  random	  error	  term	  associated	  with	  experimental	  unit	  In	  phase	  two,	  the	  design	  was	  a	  randomized	  complete	  block	  and	  replication	  over	  time	  with	  4	  replicates	  in	  Experiment	  1	  and	  five	  replicates	  in	  Experiment	  2.	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The	  data	  were	  analysed	  by	  mixed	  model	  with	  yij	  =	  μ	  +	  ti	  +	  bj	  +	  eij	  	  where	  	  yij	  =	  the	  response	  from	  treatment	  i	  ,	  block	  j	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  μ	  =	  overall	  mean	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ti	  =	  treatment	  effect	  for	  treatment	  i	  (	  fixed)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  bj	  =	  block	  effect	  for	  block	  j	  (	  random)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  eij	  =	  random	  error	   	  Results	  In	  phase	  one,	  the	  results	  of	  Experiment	  1	  showed	  that	  low	  intensity	  thermal	  stimulation	  for	  short	  duration	  during	  the	  late	  period	  of	  broiler	  embryo	  development	  altered	  secondary	  sex	  ratio.	  The	  proportion	  of	  males	  in	  the	  treated	  group	  was	  significantly	  higher	  than	  the	  control	  group	  (p=	  0.013).	  The	  difference	  was	  3.5%	  in	  favor	  of	  the	  test	  group	  (Figure	  4.1).	  The	  result	  of	  Experiment	  2	  confirmed	  the	  result	  of	  Experiment	  1	  with	  respect	  to	  secondary	  sex	  ratio.	  The	  test	  group	  hatched	  with	  more	  males	  than	  the	  control	  group	  (p=	  0.008)	  and	  the	  difference	  was	  about	  2.2%	  (Figure	  4.2).	  Chicks	  hatched	  with	  high	  quality	  score	  (Pasgar	  score)	  and	  the	  average	  was	  above	  9.5	  in	  both	  experiments	  (Tables	  4.1	  and	  4.2).	  In	  Experiment	  2	  an	  additional	  response	  variable	  was	  added	  to	  figure	  out	  how	  manipulation	  of	  incubation	  temperature	  altered	  the	  secondary	  sex	  ratio.	  Examination	  of	  eggs	  that	  did	  not	  hatch	  showed	  that	  the	  difference	  in	  secondary	  sex	  ratio	  in	  hatched	  chicks	  was	  due	  to	  differences	  in	  embryonic	  mortality.	  Investigation	  of	  residual	  break	  out	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(eggs	  that	  failed	  to	  hatch)	  analysis	  showed	  that	  there	  were	  more	  males	  that	  did	  not	  hatch	  in	  control	  group	  than	  in	  the	  test	  group	  (p=	  0.024).	  The	  treated	  group	  had	  a	  lower	  percentage	  of	  male	  embryonic	  mortality	  than	  the	  control	  group	  (Figure	  4.3).	  The	  results	  of	  experiment	  1	  and	  2	  showed	  that	  short	  thermal	  rhythms	  during	  18-­‐20	  DI	  were	  better	  for	  broiler	  males	  than	  the	  routine	  incubation	  temperature	  used.	  In	  both	  experiments,	  thermal	  stimulation	  used	  did	  not	  have	  a	  significant	  influence	  on	  the	  other	  response	  variables	  measured	  on	  the	  day	  of	  hatch	  (Tables	  4.1	  and	  4.2).	  	  In	  phase	  two,	  in	  Experiment	  2	  examination	  of	  sex	  ratio	  at	  7	  days	  of	  age	  showed	  that	  the	  variation	  in	  secondary	  sex	  ratio	  detected	  at	  hatch	  was	  maintained	  in	  the	  field.	  The	  difference	  in	  the	  percentage	  of	  males	  was	  2.8%	  in	  favour	  of	  the	  test	  group	  (Figure	  4.4).	  	  The	  result	  indicated	  that	  short	  thermal	  stimulation	  above	  the	  optimum	  incubation	  temperature	  during	  18-­‐20	  DI	  did	  not	  impact	  survival	  of	  males	  until	  7	  days	  of	  age.	  In	  both	  experiments	  differences	  in	  chick	  mortality,	  between	  control	  and	  test	  groups,	  were	  not	  detected	  at	  7	  days	  of	  age	  and	  the	  mortality	  was	  in	  the	  optimum	  range	  (Tables	  4.3	  and	  4.4).	  Also,	  treatment	  had	  no	  affect	  on	  chick	  performance	  at	  first	  week	  of	  age	  and	  the	  average	  body	  weights	  were	  similar	  between	  the	  two	  groups	  in	  both	  experiments.	  The	  treated	  chick	  group	  performed	  well	  during	  the	  grow-­‐out	  period	  and	  reached	  the	  final	  body	  weight	  with	  feed	  conversion	  similar	  to	  controls.	  Thermal	  stimulation	  of	  0.5O	  C	  more	  than	  the	  standard	  temperature	  for	  2	  h/d	  from	  18-­‐20	  DI,	  did	  not	  have	  a	  statistically	  significant	  negative	  effect	  (p>0.05)	  on	  the	  other	  response	  variables	  measured	  during	  the	  growing	  period.	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Figure	  4.1-­‐	  Percent	  Males	  in	  Control	  and	  Test	  Groups	  at	  Hatch	  (Experiment-­‐1)	  
	  	  	  	  	  a,b	  Means	  with	  different	  superscripts	  are	  significantly	  different	  (p=	  0.013)	  	  	  Figure	  4.2-­‐	  Percent	  Males	  in	  Control	  and	  Test	  Groups	  at	  Hatch	  (Experiment-­‐2)	  
	  




Control	  	   Test	  	  
	  	  	  b	  	  	  	  	  	  	  a	  	  	  	  	  	  	  	  	  	  	  	  	  %	   	  	  	  	  51.93	  	  	  	  	  49.77	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Figure	  4.3-­‐	  Percent	  Males	  in	  Dead	  Embryos	  (Experiment-­‐2)	  	  
	  
	  a,b	  Means	  with	  different	  superscripts	  are	  significantly	  different	  (p=	  0.024)	  	  	  Figure	  4.4-­‐	  Percent	  Males	  in	  Control	  and	  Test	  Groups	  at	  7	  Days	  (Experiment-­‐2)	  
	  





Control	  	   Test	  	  
	  %	  
	  	  	  	  	  	  	  	  	  	  b	  
	  	  	  	  	  a	  
	  	  	  	  59.63	  





Control	  	   Test	  	  
	  	  b	  	  	  a	  
	  	  	  	  	  	  	  	  	  	  	  %	  
	  	  	  49.25	   	  52.09	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Table	  4.1-­‐	  Effect	  of	  Thermal	  Stimulation	  on	  Hatch	  Responses	  (Experiment-­‐1)	  	  
	  	  	  a,b	  Means	  with	  different	  superscripts	  are	  significantly	  different	  (p<0.05)	  	  	  	  	  	  	  	  Table	  4.2-­‐	  Effect	  of	  Thermal	  Stimulation	  on	  Hatch	  Responses	  (Experiment-­‐2)	  	  
Response	  variable	   Control	   Test	   ±	  SEM	  Hatchability,	  %	   89.2	   89.5	   0.52	  	  Chick	  weight,	  g	   40.9	   40.3	   0.44	  	  Chick	  length,	  cm	   19.3	   19.4	   0.07	  	  Yolk	  sac,	  g/100g	  body	  weight	   9.3	   8.8	   0.26	  	  	  	  	  a,b	  Means	  with	  different	  superscripts	  are	  significantly	  different	  (p<0.05)	  	  	  	  	  	  	  
Response	  variable	   Control	   Test	   ±	  SEM	  Moisture	  loss,	  %	   13.4	   13.5	   0.30	  Embryo	  temperature,	  oC	   37.1	   37.2	   0.23	  Hatchability,	  %	   87.98	   87.95	   0.15	  Chick	  weight,	  g	   41.7	   41.2	   0.49	  Chick	  length,	  cm	   19.3	   19.5	   0.09	  Rectal	  temperature,	  oC	   40.4	   40.4	   0.08	  Chick	  quality	  score	  -­‐	  Pasgar	  score	   9.5	   9.6	   0.05	  Yolk	  sac,	  g/100g	  body	  weight	   10.5	   9.5	   0.47	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Table	  4.3-­‐	  Effect	  of	  Thermal	  Stimulation	  on	  Broiler	  Performance	  (Experiment-­‐1)	  	  
Response	  variable	   Control	   Test	   ±	  SEM	  Birds	  produced,	  %	   96.6	   96.7	   0.39	  First	  week	  mortality,	  %	   0.9	   0.8	   0.17	  Average	  body	  weight,	  kg	   2.8	   2.8	   0.08	  Feed	  conversion,	  kg	  feed/kg	  gain	   2.02	   2.01	   0.02	  Feed	  conversion	  adjusted	  on	  the	  	  	  	  	  	  	  	  	  	  basis	  of	  a	  2.3-­‐kg	  bird	   1.88	   1.85	   0.04	  Conversion	  of	  feed	  ME,	  Mcal/	  kg	  gain	   6.34	   6.29	   0.07	  Conversion	  of	  feed	  ME,	  Mcal/kg	  gain	  adjusted	  on	  the	  basis	  of	  a	  2.3-­‐kg	  bird	   5.87	   5.81	   0.13	  Birds	  condemned	  at	  the	  processing	  	  	  	  	  plant,	  %	   0.9	   1.0	   0.17	  	  	  	  a,b	  Means	  with	  different	  superscripts	  are	  significantly	  different	  (p<0.05)	  	  	  	  	  	  Table	  4.4-­‐	  Effect	  of	  Thermal	  Stimulation	  on	  Broiler	  Performance	  (Experiment-­‐2)	  	  
Response	  variable	   Control	   Test	   ±	  SEM	  First	  week	  mortality,	  %	   0.6	   0.6	   0.12	  First	  week	  culled	  chicks,	  %	   0.5	   0.4	   0.07	  First	  week	  average	  body	  weight,	  g	   187	   188	   4.1	  Final	  average	  body	  weight,	  kg	   2.85	   2.80	   0.04	  Feed	  conversion,	  kg	  feed/kg	  gain	   1.88	   1.88	   0.01	  Birds	  produced,	  %	   96.2	   95.3	   0.80	  	  	  	  	  a,b	  Means	  with	  different	  superscripts	  are	  significantly	  different	  (p<0.05)	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Discussion	  	   	  	  	  	  	  	  	  	  	  	  In	  these	  two	  experiments,	  the	  results	  showed	  that	  thermal	  stimulation	  of	  0.5O	  C	  above	  the	  optimum	  incubation	  temperature	  for	  2	  h/d	  from	  18-­‐20	  DI	  produced	  higher	  proportion	  of	  males	  than	  controls.	  The	  differences	  were	  3.5%	  and	  2.2%	  respectively	  for	  the	  two	  experiments.	  These	  results	  are	  in	  agreement	  with	  the	  findings	  reported	  by	  Tzschentke	  and	  Halle	  (2009,	  2011)	  regarding	  the	  high	  proportion	  of	  males	  at	  day	  of	  hatch.	  The	  authors	  used	  1O	  C	  above	  the	  incubation	  temperature	  for	  2	  h/d	  from	  18-­‐21	  DI	  and	  that	  improved	  hatchability	  and	  altered	  sex	  ratio.	  It	  was	  reported	  that	  avian	  male	  embryos	  are	  more	  responsive	  to	  environmental	  conditions	  than	  females	  (Bogdanova	  and	  Nager,	  2008;	  Catalano	  et	  al.,	  2008).	  These	  experiments	  did	  not	  provide	  any	  explanation	  for	  altered	  secondary	  sex	  ratio.	  Increased	  incubation	  temperature	  during	  late	  embryo	  development	  elevated	  plasma	  blood	  glucose	  concentrations	  (Christensen	  et	  al.,	  2001,	  2003;	  Willemsen	  et	  al.,	  2011)	  and	  strain	  by	  treatment	  alterations	  in	  insulin-­‐like	  growth	  factor	  concentration.	  Alternation	  in	  the	  concentration	  of	  hormones	  linked	  to	  metabolism	  and	  growth	  of	  embryos	  might	  affect	  vitality	  (Decuypere	  and	  Bruggeman	  2007),	  especially	  in	  the	  males	  at	  piping	  time,	  and	  result	  in	  more	  males	  and	  it	  may	  have	  also	  increased	  hatchability	  (Tzschentke	  and	  Halle,	  2009).	  However,	  significant	  improvement	  in	  hatchability	  was	  not	  detected	  in	  these	  two	  experiments.	  One	  possible	  explanation	  is	  that	  the	  level	  and/or	  the	  duration	  of	  thermal	  stimulation	  used	  were	  lower	  than	  that	  used	  in	  the	  previous	  studies.	  Also,	  since	  the	  experiments	  were	  conducted	  at	  a	  commercial	  hatchery,	  the	  evaluation	  of	  chick	  quality	  might	  be	  
	   37	  
different	  than	  that	  used	  in	  a	  laboratory	  experiment.	  At	  the	  commercial	  hatchery	  chicks	  were	  monitored	  on	  a	  conveyor	  belt	  and	  low	  quality	  chicks	  were	  culled	  before	  the	  final	  count.	  Not	  counting	  cull	  chicks	  may	  have	  influenced	  the	  computed	  hatchability.	  With	  respect	  to	  sex	  ratio	  in	  Experiment	  2,	  the	  investigation	  of	  residual	  breakout	  analysis	  showed	  that	  the	  control	  group	  had	  more	  unhatched	  males	  than	  the	  test	  group.	  This	  provided	  clear	  evidence	  that	  the	  difference	  in	  secondary	  sex	  ratio	  in	  hatched	  chicks	  was	  due	  to	  difference	  in	  embryonic	  mortality.	  The	  treated	  group	  hatched	  with	  more	  males	  and	  had	  lower	  unhatched	  males	  in	  comparison	  to	  the	  control	  group.	  Further,	  in	  Experiment	  2	  the	  examination	  of	  sex	  ratio	  in	  the	  field	  showed	  the	  difference	  in	  sex	  ratio	  at	  hatch	  was	  maintained	  until	  7	  days	  of	  age.	  This	  indicated	  the	  thermal	  stimulation	  used	  did	  not	  have	  an	  impact	  on	  survival	  of	  hatched	  males	  up	  to	  the	  first	  week	  of	  age.	  Other	  authors	  have	  also	  reported	  that	  manipulation	  of	  incubation	  temperature	  during	  broiler	  embryogenesis	  with	  low	  magnitude	  for	  short	  period	  at	  the	  end	  of	  incubation	  did	  not	  have	  impact	  on	  hatching	  results	  and	  post	  hatch	  performance.	  	  Collin	  et	  al.	  (2005,	  2007),	  used	  thermal	  stimulation	  of	  1.7O	  C	  above	  the	  optimum	  incubation	  temperature	  for	  3	  h/d	  from	  16-­‐18	  DI	  and	  Piestun	  et	  al.,	  (2008)	  used	  the	  same	  thermal	  stimulation	  (1.7O	  C)	  at	  the	  same	  age	  but	  with	  longer	  duration	  (12	  h/d)	  and	  did	  not	  observe	  negative	  effects	  on	  chick	  performance.	  However,	  the	  same	  authors	  observed	  negative	  influence	  on	  hatching	  results	  when	  broiler	  eggs	  were	  exposed	  to	  the	  same	  strength	  of	  thermal	  stimulation	  (1.7O	  C)	  continually	  from	  7-­‐16	  DI.	  Also,	  Joseph	  et	  al.	  (2006)	  reported	  reduction	  in	  body	  weight	  of	  treated	  chicks	  at	  the	  first	  two	  weeks	  of	  age	  in	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comparison	  to	  the	  control	  group	  when	  broiler	  eggs	  were	  exposed	  to	  39.5O	  C	  continually	  from	  18-­‐21	  DI.	  In	  addition,	  Krischek	  et	  al.	  (2013)	  reported	  that	  temperature	  manipulation	  during	  turkey	  embryogenesis	  had	  a	  negative	  influence	  on	  post-­‐hatch	  performance.	  Eggs	  were	  exposed	  to	  incubation	  temperature	  of	  38.5O	  C	  for	  4	  days	  between	  9-­‐12	  DI	  whereas	  the	  control	  eggs	  were	  incubated	  at	  37.5O	  C.	  The	  treated	  poults	  had	  lower	  body	  weight	  across	  all	  grow-­‐out	  periods	  in	  comparison	  to	  the	  control	  group.	  	  It	  seems	  the	  effects	  of	  manipulation	  of	  incubation	  temperature	  during	  embryogenesis	  depends	  on	  species,	  the	  magnitude	  of	  temperature	  deviation,	  duration	  of	  the	  deviation,	  and	  age	  at	  application.	  In	  the	  last	  days	  of	  embryo	  development	  the	  thermoregulatory	  system	  and	  related	  adaptive	  mechanisms	  are	  well	  developed	  and	  hence	  can	  react	  to	  changes	  in	  incubation	  environmental	  factors	  (Tzschentke,	  2007).	  In	  contrast	  with	  the	  previous	  studies,	  thermal	  stimulation	  used	  failed	  to	  improve	  the	  post	  hatch	  performance	  under	  field	  conditions	  and	  this	  may	  be	  due	  to	  the	  lower	  degree	  of	  thermal	  stimulation	  and/	  or	  shorter	  duration	  of	  thermal	  stimulation.	  	  	   	  	  	  	  	  	  	  	  	  	  In	  conclusion,	  thermal	  stimulation	  of	  0.5O	  C	  above	  the	  optimum	  incubation	  temperature	  for	  2	  h/d	  from	  18-­‐20	  DI	  produced	  higher	  proportion	  of	  males	  than	  the	  control	  group	  and	  the	  differences	  were	  3.5%	  and	  2.2%	  in	  the	  two	  experiments	  respectively.	  Examination	  of	  sex	  ratio	  in	  the	  field	  showed	  that	  the	  difference	  in	  secondary	  sex	  ratio	  in	  hatched	  chicks	  was	  maintained	  at	  7	  days	  of	  age	  and	  the	  difference	  was	  2.84	  %	  more	  males	  in	  the	  test	  group.	  The	  investigation	  of	  the	  residual	  break	  out	  (unhatched	  eggs)	  analysis	  showed	  more	  unhatched	  males	  in	  the	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control	  group	  than	  in	  the	  test	  group.	  The	  treated	  group	  had	  lower	  percentage	  of	  male	  embryonic	  mortality	  than	  control	  group.	  This	  result	  demonstrated	  that	  the	  difference	  in	  secondary	  sex	  ratio	  in	  hatched	  chicks	  was	  due	  to	  difference	  in	  late	  embryonic	  mortality.	  Thermal	  stimulation	  used	  did	  not	  influence	  the	  other	  response	  variables	  neither	  in	  the	  hatchery	  nor	  in	  the	  field.	  	  The	  unique	  findings	  of	  the	  two	  experiments	  were	  that	  sex	  ratio	  at	  hatch	  and	  first	  week	  of	  age	  was	  altered	  with	  a	  stimulation	  of	  0.5	  C	  for	  three	  days	  during	  18-­‐20	  DI	  and	  the	  shift	  in	  sex	  ratio	  was	  due	  to	  differential	  mortality	  during	  incubation.	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CHAPTER	  5	  	  EFFECT	  OF	  THERMAL	  STIMULATION	  DURING	  BROILER	  EMBRYOGENESIS	  ON	  HATCHABILITY,	  CHICK	  QUALITY	  AND	  CHICK	  PERFORMANCE	  UNDER	  COMMERCIAL	  CONDITIONS	  	  Introduction	  	  	  	  	  	  	  	  	  	  	  	  	  	  Short-­‐term	  temperature	  manipulation	  of	  incubation	  temperature	  during	  avian	  embryogenesis	  has	  in	  recent	  years	  attracted	  the	  attention	  of	  many	  researchers.	  Several	  studies	  investigated	  the	  effects	  of	  deviations	  in	  incubation	  temperature	  from	  the	  optimum	  level	  during	  embryogenesis	  on	  hatching	  results	  and	  post-­‐hatch	  performance.	  The	  responses	  to	  thermal	  stimulation	  during	  incubation	  depend	  on	  the	  intensity,	  the	  duration	  of	  thermal	  stimulation,	  and	  the	  embryonic	  age	  at	  application	  (French,	  2002).	  	  Joseph	  et	  al.	  (2006)	  reported	  a	  negative	  effect	  on	  chick	  weight	  when	  broiler	  eggs	  were	  exposed	  to	  low	  incubation	  temperature	  continually	  (36.6O	  C	  vs.	  37.8O	  C	  control	  group)	  in	  the	  early	  phase	  of	  embryogenesis	  from	  0	  to	  10	  days	  of	  incubation	  (DI).	  However,	  the	  authors	  recorded	  depression	  in	  body	  weight	  only	  in	  the	  first	  two	  weeks	  of	  age	  when	  high	  thermal	  treatment	  (39.5O	  C)	  was	  applied	  at	  late	  phase	  of	  embryogenesis	  from	  18	  to	  21	  DI.	  In	  addition,	  Krischek	  et	  al.	  (2013)	  described	  that	  temperature	  manipulation	  during	  turkey	  embryogenesis	  had	  a	  negative	  influence	  on	  post-­‐hatch	  performance.	  In	  this	  study,	  the	  eggs	  exposed	  to	  incubation	  temperature	  of	  38.5O	  C	  for	  4	  days	  between	  9	  to	  12	  DI	  compared	  to	  the	  control	  eggs	  incubated	  at	  37.5O	  C	  resulted	  in	  lower	  body	  weight	  across	  all	  grow-­‐out	  periods	  in	  comparison	  to	  the	  control	  group	  but	  temperature	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manipulation	  had	  no	  affect	  on	  meat	  quality.	  Collin	  et	  al.	  (2005)	  reported	  that	  an	  increase	  in	  incubation	  temperature	  to	  39.5O	  C	  (control	  was	  37.8O	  C)	  for	  3-­‐24	  h/d	  from	  16-­‐18	  DI	  had	  no	  adverse	  effect	  on	  hatchability	  or	  growth	  performance	  and	  the	  best	  results	  were	  achieved	  when	  thermal	  stimulation	  was	  applied	  for	  6	  or	  12	  h/d.	  	  At	  the	  end	  of	  embryonic	  development	  the	  thermoregulatory	  system	  and	  related	  adaptive	  mechanisms	  are	  well	  developed	  and	  hence	  can	  react	  to	  changes	  in	  incubation	  temperature	  (Tzschentke,	  2007).	  Increasing	  incubation	  temperature	  above	  the	  optimum	  temperature	  during	  late	  embryogenesis	  did	  not	  have	  a	  negative	  influence	  on	  hatchability	  and	  post	  hatch	  performance.	  Collin	  et	  al.	  (2007)	  reported	  that	  using	  1.7O	  C	  for	  thermal	  stimulation	  above	  the	  control	  temperature	  of	  37.8o	  C	  for	  3	  hours	  during	  broiler	  embryogenesis	  from	  16	  –18	  DI	  did	  not	  impact	  hatchability	  and	  chick	  performance.	  Also,	  Piestun	  et	  al.	  (2009;	  2013)	  noted	  that	  using	  the	  same	  intensity	  of	  thermal	  stimulation	  (1.7O	  C)	  either	  for	  3	  or	  6	  hours	  during	  16-­‐18	  DI	  had	  no	  adverse	  effect	  on	  hatching	  results.	  Interestingly,	  both	  of	  these	  authors	  observed	  an	  improvement	  in	  chick	  performance.	  In	  addition,	  with	  lower	  intensity	  of	  thermal	  stimulation	  just	  1O	  C	  above	  the	  control	  temperature	  of	  37.2o	  C	  for	  2	  h/d	  from	  18-­‐21	  DI	  hatchability	  and	  chick	  performance	  were	  improved	  (Tzschentke	  and	  Hall	  2009,	  2010).	  	  The	  authors	  observed	  that	  the	  improvement	  in	  hatchability	  was	  due	  to	  increased	  the	  proportion	  of	  hatched	  males	  which	  altered	  the	  secondary	  sex	  ratio.	  Skewed	  secondary	  sex	  ratio	  by	  manipulation	  of	  incubation	  temperature	  was	  also	  observed	  in	  Pekin	  ducks	  (Halle	  et	  al.,	  2012).	  	  Alteration	  in	  sex	  ratio	  induced	  by	  thermal	  stimulation	  could	  have	  a	  major	  impact	  on	  the	  commercial	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poultry	  industry.	  In	  my	  first	  two	  experiments,	  increasing	  incubation	  temperature	  by	  0.5O	  C	  above	  the	  control	  temperature	  of	  37.4o	  C	  for	  2	  h/d	  from	  18-­‐20	  DI	  produced	  higher	  proportion	  of	  males	  than	  the	  control	  group	  and	  the	  change	  was	  due	  to	  an	  altered	  secondary	  sex	  ratio.	  However,	  this	  intensity	  of	  thermal	  stimulation	  (0.5O	  C	  for	  2h/d	  from	  18-­‐20	  DI)	  failed	  to	  influence	  post	  hatch	  performance	  under	  field	  conditions.	  Therefore,	  the	  present	  experiment	  examined	  the	  effects	  of	  an	  increase	  in	  incubation	  temperature	  by	  1O	  C	  above	  the	  optimum	  level	  for	  2	  h/d	  during	  18-­‐20	  DI	  on	  hatchability,	  secondary	  sex	  ratio	  and	  post	  hatch	  performance	  under	  commercial	  conditions.	  	  
	   Materials	  and	  Methods	  Two	  setters	  and	  hatchers	  (Hatch	  Tech)	  with	  capacity	  of	  42240	  eggs	  were	  used	  and	  one	  served	  as	  the	  control	  and	  the	  other	  as	  the	  test.	  Each	  unit	  had	  6	  racks	  (80	  trays/rack;	  88	  eggs/tray).	  Eggs	  from	  breeders	  (Ross)	  aged	  35	  to	  39	  weeks	  were	  used	  with	  weight	  ranges	  between	  61.36	  and	  63.20	  grams.	  The	  test	  machine	  had	  the	  same	  physical	  environment	  as	  the	  control	  machine	  except	  that	  a	  thermal	  stimulus	  of	  1O	  C	  above	  the	  optimal	  incubation	  temperature	  of	  37.4o	  C	  for	  2	  h/d	  was	  superimposed	  each	  day	  from	  18-­‐20	  DI.	  Incubation	  temperature	  was	  37.4O	  C	  and	  relative	  humidity	  was	  55-­‐60%.	  Thermal	  stimulation	  was	  applied	  one	  time	  in	  the	  incubator	  (18	  DI)	  and	  twice	  in	  the	  hatcher	  (19-­‐20	  DI).	  The	  whole	  incubator	  or	  hatcher	  was	  considered	  an	  experimental	  unit,	  hence	  the	  experiment	  included	  five	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replications	  over	  time.	  	  All	  the	  response	  variables	  in	  this	  experiment	  were	  measured	  in	  the	  same	  manner	  as	  described	  in	  Chapter	  4.	  	  In	  poultry	  production,	  the	  ultimate	  goal	  for	  growers	  is	  to	  maximize	  high	  quality	  meat	  yield	  and	  reduce	  the	  cost	  of	  production.	  Hence	  most	  researchers	  focus	  on	  improvements	  in	  grow-­‐out	  performance.	  A	  cost	  analysis	  of	  broiler	  production	  in	  the	  field	  consistently	  indicates	  that	  feed	  cost	  comprises	  the	  largest	  portion	  and	  is	  generally	  60	  to	  75%	  of	  the	  total	  cost.	  Chickens	  are	  raised	  in	  batches	  with	  17-­‐25000/house	  and	  in	  the	  U.S.A.	  8.7	  billion	  broiler	  chickens	  were	  produced	  in	  2009.	  Hence,	  significant	  improvements	  in	  hatchability	  and/or	  chick	  performance	  will	  translate	  to	  a	  substantial	  economic	  impact.	  	  	  	  	   Experimental	  Design	  &	  Statistical	  Analysis	  	  	  	  	  	  	  	  	  	  	  	  	  	  The	  design	  and	  statistical	  analysis	  in	  this	  experiment	  were	  the	  same	  as	  those	  described	  in	  Chapter	  4.	   	  Results	  In	  Phase	  1,	  the	  result	  showed	  that	  thermal	  stimulation	  of	  1O	  C	  more	  than	  the	  standard	  temperature	  for	  h/d	  from	  18-­‐20	  DI	  did	  not	  significantly	  influence	  the	  secondary	  sex	  ratio	  at	  hatch	  (Figure	  5.1).	  The	  difference	  in	  sex	  ratio	  was	  only	  numerically	  higher	  and	  reached	  2.2%	  in	  favour	  of	  the	  test	  group.	  However,	  investigation	  of	  residual	  break	  out	  analysis	  (unhatched	  eggs)	  detected	  a	  significant	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difference	  (p=	  0.0035)	  in	  embryonic	  mortality	  between	  the	  two	  groups.	  The	  control	  group	  had	  more	  unhatched	  males	  than	  test	  group	  (Figure	  5.2).	  The	  results	  showed	  that	  male	  embryonic	  survival	  was	  significantly	  higher	  in	  the	  test	  group	  than	  in	  the	  control	  group.	  Chicks	  hatched	  with	  high	  quality	  chick	  scores	  (Pasgar	  score)	  and	  the	  average	  was	  above	  9.5	  for	  both	  groups	  (Table	  5.1).	  In	  this	  experiment,	  thermal	  stimulation	  used	  did	  not	  have	  a	  significant	  influence	  on	  the	  other	  response	  variables	  measured	  on	  the	  day	  of	  hatch	  (Table	  5.1).	  In	  phase	  2,	  the	  investigation	  of	  secondary	  sex	  ratio	  at	  7	  days	  of	  age	  showed	  that	  a	  significant	  difference	  in	  sex	  ratio	  was	  not	  detected	  between	  the	  two	  groups	  and	  that	  was	  consistent	  with	  the	  result	  observed	  at	  day	  of	  hatch.	  The	  difference	  was	  only	  numerical	  in	  favour	  of	  test	  group	  (Figure	  5.3).	  However,	  the	  result	  of	  this	  experiment	  showed	  that	  thermal	  stimulation	  of	  1O	  C	  above	  the	  optimum	  incubation	  temperature	  for	  2	  h/d	  from	  18-­‐20	  DI	  induced	  positive	  long	  lasting	  effects	  on	  chick	  field	  performance.	  The	  test	  group	  recorded	  lower	  feed	  conversion	  than	  the	  control	  group	  (Figure	  5.4).	  Thermal	  stimulation	  used	  improved	  feed	  conversion	  by	  1.82%	  or	  3.6	  points	  (p=	  0.0491)	  in	  comparison	  to	  the	  control	  group.	  Statistically	  significant	  treatment	  differences	  between	  the	  two	  groups	  were	  not	  detected	  in	  the	  other	  response	  variables	  measured	  in	  the	  field	  (Table	  5.2).	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Figure	  5.1-­‐	  Percent	  males	  in	  control	  and	  test	  groups	  at	  hatch	  
	  
a,b	  Means	  with	  different	  superscripts	  are	  significantly	  different	  (p<0.05)	  	  Figure	  5.2-­‐	  Percent	  males	  in	  dead	  embryos	  in	  control	  and	  test	  group	  
	  




Control	   Test	  
	  	  	  %	  	  
	  	  	  	  	  52.6	  	  	  	  	  	  	  	  50.4	  





Control	   Test	  
65.2	  
50.3	  
	  	  	  %	   	  	  a	  
	  	  	  	  	  b	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Table	  5.1-­‐	  Effect	  of	  thermal	  stimulation	  on	  hatch	  responses	   	  	  	  	  	  	  	  	  	  
a,b	  Means	  with	  different	  superscripts	  are	  significantly	  different	  (p<0.05)	  	  Figure	  5.3-­‐	  Percent	  males	  in	  control	  and	  test	  groups	  at	  7	  days	  
	  





Control	  	   Test	  	  
	  a	  	  	  	  a	  
	  	  %	  
50.3	  	  	  48.4	  
Response	  Variable	  	   Control	   Test	   ±	  SEM	  Moisture	  loss,	  %	   12.2	   12.5	   0.15	  Hatchability,	  %	   89.1	   89.1	   0.42	  Chick	  weight,	  g	   41.9	   41.8	   0.41	  Chick	  length,	  cm	   19.7	   19.6	   0.05	  Rectal	  temperature,	  oC	   40.11	  	  4	  
40.06	   0.09	  Chick	  quality	  -­‐	  Pasgar	  score	   9.7	   9.7	   0.03	  Yolk	  sac,	  g/100g	  body	  weight	   9.9	   9.9	   0.21	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Figure	  5.4-­‐	  Feed	  conversion	  at	  market	  age	  
	  	  a,b	  Means	  with	  different	  superscripts	  are	  significantly	  different	  (p<0.05)	  	  Table	  5.2-­‐	  Effect	  of	  thermal	  stimulation	  on	  broiler	  performance	  






Feed	  Conversion	   Feed	  Conversion	  /2.7	  kg	  
Control	  Test	  
	  	  	  	  	  	  	  	  -­‐1.82%	   	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  -­‐2.03%	  	  
	  	  g/g	  
[+	  3.6	  points]	  	  
	  	  	  	  	   b a b	  	  	  	  	  	  	  a	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Table	  5.3-­‐	  Potential	  Economic	  Impact	  of	  Improved	  Feed	  Conversion	  with	  3.6	  points	  	  
Broiler	  Flock	  Size	   Feed	  Cost/Ton	  
($)	  
Savings/Year	  
($)	  10	  Billion	  broilers/year	   430	   102.6	  	  	  M	  10	  Billion	  broilers/year	   200	   47.7	  	  	  M	  Benefit	  to	  individual	  farm	  	   430	   5,131	  Benefit	  to	  individual	  farm	   200	   2,385	  	  
1	  National	  flock	  in	  2013	  based	  on	  extrapolation	  of	  2009	  data	  
2	  Individual	  farm	  based	  on	  4	  houses/farm	  x	  25,000	  broiler/house	  x	  5	  batches/year	  
3	  Regression	  model	  to	  predict	  the	  economic	  impact	  of	  improved	  feed	  conversion	  with	  3.6	  points	  
o For	  small	  population	  (less	  than	  one	  million)	  
 Ŷ=	  -­‐2672.90	  +	  0.00668	  (#	  of	  Chicks)	  +	  9.54667(Feed	  Cost)	  
o For	  large	  population	  
 Ŷ=	  -­‐16708205	  +	  0.00668(#	  of	  Chicks)	  +	  59672(Feed	  Cost)	  	   Discussion	  In	  this	  experiment,	  thermal	  stimulation	  of	  1O	  C	  above	  the	  optimum	  incubation	  temperature	  for	  2	  hours/day	  from	  18-­‐20	  DI	  had	  a	  beneficial	  effect	  on	  chick	  grow	  out	  performance	  under	  field	  conditions.	  The	  treated	  group	  performed	  well	  in	  the	  field	  and	  reached	  market	  age	  with	  a	  lower	  feed	  conversion	  than	  the	  control	  group.	  Thermal	  stimulation	  used	  improved	  feed	  conversion	  by	  1.82%	  or	  3.6	  points	  (p=	  0.0491)	  in	  comparison	  to	  the	  control	  group.	  The	  improvement	  in	  feed	  conversion	  translated	  to	  2.03%	  lower	  feed	  conversion	  and	  2.23%	  lower	  caloric	  cost	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when	  adjusted	  to	  a	  2.7	  kg	  body	  weight	  bird.	  Improvement	  in	  feed	  conversion	  by	  3.6	  points	  translated	  to	  a	  substantial	  economic	  impact	  and	  the	  money	  that	  could	  be	  saved	  was	  dependent	  on	  feed	  cost	  during	  the	  production	  cycle	  (Table	  5.3).	  The	  results	  of	  the	  experiment	  confirmed	  the	  reports	  of	  Tzschentke	  and	  Halle	  	  (2009,	  2010)	  with	  respect	  to	  feed	  conversion.	  The	  authors	  exposed	  broiler	  eggs	  to	  thermal	  stimulation	  of	  1O	  C	  above	  the	  control	  incubation	  temperature	  of	  37.2o	  C	  for	  2	  h/d	  from	  18-­‐21	  DI	  and	  reported	  an	  improvement	  in	  feed	  conversion	  and	  final	  body	  weight	  under	  laboratory	  conditions.	  However,	  a	  statistically	  significant	  treatment	  difference	  (p>0.05)	  was	  not	  detected	  in	  average	  body	  weight	  in	  the	  current	  experiment	  and	  this	  was	  at	  variance	  with	  the	  results	  of	  previous	  studies.	  This	  discrepancy	  may	  be	  due	  to	  the	  shorter	  duration	  of	  thermal	  stimulation	  and/or	  specific	  factors	  associated	  with	  breeder	  strain/age	  and	  incubation	  variables.	  However,	  a	  simpler	  explanation	  is	  that	  the	  greater	  variability	  observed	  under	  field	  conditions	  may	  have	  masked	  the	  effect	  on	  body	  weight.	  During	  the	  last	  days	  of	  embryo	  development	  the	  thermoregulatory	  system	  and	  related	  adaptive	  mechanisms	  are	  well	  developed	  and	  hence	  can	  react	  to	  changes	  in	  incubation	  environmental	  factors	  (Tzschentke,	  2007).	  	  The	  results	  of	  a	  series	  of	  studies	  showed	  that	  early	  prenatal	  adaptation	  to	  environmental	  changes	  during	  the	  late	  phase	  of	  embryo	  development	  	  (phase	  of	  maturation)	  enhanced	  their	  maturation	  and	  improved	  the	  ability	  of	  hatched	  chicks	  to	  deal	  with	  difficult	  environmental	  conditions	  later	  in	  life	  (Morase	  et	  al.,	  2003;	  Collin	  et	  al,	  2005;	  Tzschentke	  and	  Plagemann,	  2006	  and	  Yalcin	  et	  al.,	  2010).	  Piestun	  et	  al.	  (2011)	  reported	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improvement	  in	  chick	  performance	  when	  eggs	  were	  exposed	  to	  thermal	  stimulation	  of	  1.7O	  C	  above	  the	  control	  incubation	  temperature	  of	  37.8o	  C	  for	  12	  h/d	  from	  7-­‐16	  DI.	  In	  this	  study	  (Piestun	  et	  al.,	  2011),	  the	  treated	  group	  showed	  lower	  plasma	  thyroid	  hormones	  (T4,	  T3)	  concentration	  than	  the	  control	  group.	  The	  authors	  explained	  that	  treated	  chicks	  with	  low	  hormones	  had	  lower	  thyroid	  set-­‐point	  function	  than	  control	  group	  and	  that	  affected	  energy	  consumption	  and	  improved	  feed	  conversion	  under	  both	  hot	  and	  optimum	  conditions.	  However,	  the	  same	  authors	  (2009)	  studied	  the	  effect	  of	  the	  same	  magnitude	  of	  thermal	  stimulation	  (1.7O	  C	  above	  the	  control	  temperature)	  but	  in	  this	  study	  the	  duration	  and	  the	  age	  of	  application	  were	  different.	  They	  exposed	  broiler	  hatching	  eggs	  to	  thermal	  stimulation	  for	  3	  or	  6	  hours	  from	  16-­‐18	  DI	  and	  observed	  an	  improvement	  in	  body	  weight	  from	  day	  9	  onward	  but	  feed	  conversion	  was	  not	  mentioned	  in	  this	  study.	  It	  is	  well	  documented	  that	  increased	  incubation	  temperature	  during	  late	  embryo	  development	  elevated	  plasma	  blood	  glucose	  concentrations	  (Christensen	  et	  al.,	  2001,	  2003;	  Willemsen	  et	  al.,	  2011)	  and	  strain	  by	  treatment	  alterations	  in	  insulin-­‐like	  growth	  factor	  concentration.	  Alteration	  in	  the	  concentration	  of	  hormones	  linked	  to	  metabolism	  and	  growth	  of	  embryos	  might	  affect	  vitality	  (Decuypere	  and	  Bruggeman	  2007)	  and	  produce	  robust	  birds	  with	  improved	  feed	  utilization.	  Today,	  most	  broiler	  growers	  raise	  their	  chicks	  in	  poultry	  houses	  with	  high	  stocking	  density.	  Hence,	  difficult	  social	  and	  environmental	  conditions,	  such	  as	  inappropriate	  temperature,	  humidity,	  ventilation,	  and	  overcrowding,	  are	  always	  present.	  Therefore,	  efficient	  birds	  are	  resistant	  to	  these	  stressful	  conditions	  and	  use	  a	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smaller	  proportion	  of	  energy	  for	  maintenance	  and	  utilize	  more	  energy	  for	  production.	  	  In	  conclusion,	  an	  increase	  in	  incubation	  temperature	  by	  1O	  C	  above	  the	  optimum	  incubation	  temperature	  of	  37.4o	  C	  for	  2	  h/d	  from	  18-­‐20	  DI	  induced	  positive	  long	  lasting	  effects	  on	  chick	  performance	  under	  field	  conditions.	  The	  test	  group	  showed	  better	  performance	  in	  the	  field	  than	  control	  group	  and	  reached	  market	  age	  with	  significantly	  better	  feed	  conversion	  than	  the	  control	  group.	  The	  improvement	  in	  feed	  conversion	  was	  1.82%	  or	  3.65	  points	  in	  favour	  of	  the	  test	  group.	  The	  economic	  impact	  of	  improved	  feed	  conversion	  has	  appreciable	  value	  to	  growers	  and	  integrators.	  The	  magnitude	  of	  thermal	  stimulation	  used	  did	  not	  significantly	  influence	  the	  secondary	  sex	  ratio	  at	  hatch	  but	  differences	  in	  embryonic	  mortality	  were	  observed	  between	  the	  two	  groups.	  The	  control	  group	  had	  more	  unhatched	  males	  than	  the	  test	  group.	  Thermal	  stimulation	  used	  had	  no	  adverse	  effects	  on	  hatching	  results	  and	  post	  hatch	  performance	  with	  the	  exception	  of	  feed	  conversion.	  The	  most	  important	  finding	  of	  the	  experiment	  was	  that	  improved	  feed	  conversion	  was	  achieved	  with	  a	  stimulation	  of	  1O	  C	  for	  2	  h/d	  from	  18-­‐20	  DI.	  Improvement	  in	  feed	  conversion	  with	  3.65	  points	  in	  broiler	  production	  could	  have	  a	  major	  impact	  on	  the	  economic	  returns	  to	  growers	  and	  the	  poultry	  industry.	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CHAPTER	  6	  	  	  EFFECTS	  OF	  THERMAL	  STIMULATION	  DURING	  INCUBATION	  OF	  EGGS	  FROM	  BREEDERS	  AGED	  49-­‐53	  WEEKS	  	   Introduction	  
	   The	  effects	  of	  thermal	  stimulation	  on	  hatch	  and	  post	  hatch	  performance	  depend	  on	  the	  strength	  and	  length	  of	  thermal	  stimulation	  and	  embryonic	  age	  at	  application	  (French,	  2002).	  Thermal	  stimulation	  during	  early	  embryogenesis	  had	  negative	  long	  lasting	  effects	  on	  chick	  performance,	  whereas	  the	  effects	  were	  temporary	  on	  chick	  post	  hatch	  performance	  when	  thermal	  stimulation	  was	  applied	  at	  late	  embryogenesis	  (Joseph	  et	  al.,	  2006).	  In	  this	  study,	  the	  authors	  observed	  a	  negative	  a	  effect	  on	  chick	  weight	  when	  broiler	  eggs	  were	  exposed	  to	  low	  incubation	  temperature	  continually	  (36.6O	  C	  vs.	  37.8O	  C	  control	  group)	  in	  the	  early	  phase	  of	  embryogenesis	  from	  0	  to	  10	  days	  of	  incubation	  (DI)	  but	  they	  recorded	  depression	  in	  body	  weight	  only	  in	  the	  first	  two	  weeks	  of	  age	  when	  high	  thermal	  treatment	  of	  39.5O	  C	  was	  applied	  at	  late	  phase	  of	  embryogenesis	  from	  18	  to	  21	  DI.	  Further,	  the	  results	  of	  a	  recent	  study	  (Krischek	  et	  al.,	  2013)	  showed	  that	  temperature	  manipulation	  during	  the	  second	  week	  of	  turkey	  embryogenesis	  impacted	  post	  hatch	  poult	  performance.	  Eggs	  were	  exposed	  to	  incubation	  temperature	  of	  38.5O	  C	  for	  4	  days	  between	  9	  to	  12	  DI	  whereas	  the	  control	  eggs	  were	  incubated	  at	  37.5O	  C.	  Treated	  poults	  had	  lower	  body	  weight	  across	  all	  grow-­‐out	  periods	  in	  comparison	  to	  control	  group.	  It	  was	  reported	  in	  an	  earlier	  study	  (Collin	  et	  al.,	  2005)	  that	  increase	  in	  incubation	  temperature	  to	  39.5O	  C	  (control	  was	  37.8O	  C)	  for	  3-­‐24	  h/d	  from	  16-­‐18	  DI	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had	  no	  adverse	  effects	  on	  hatchability	  and	  growth	  performance	  and	  the	  best	  results	  were	  achieved	  when	  thermal	  stimulation	  was	  applied	  for	  6	  or	  12	  h/d.	  	  At	  the	  end	  of	  embryo	  development	  thermoregulatory	  system	  and	  related	  adaptive	  mechanisms	  are	  well	  developed	  and	  hence	  can	  react	  to	  changes	  in	  incubation	  temperature	  (Tzschentke,	  2007).	  Collin	  et	  al.	  (2007)	  reported	  that	  using	  1.7O	  C	  as	  thermal	  stimulation	  above	  the	  control	  (control	  temperature	  was	  37.8O	  C)	  for	  3	  h/d	  during	  broiler	  embryogenesis	  from	  16	  –18	  DI	  did	  not	  impact	  hatchability	  and	  chick	  performance.	  Also,	  Piestun	  et	  al.	  (2009,	  2013)	  noted	  that	  using	  the	  same	  intensity	  of	  thermal	  stimulation	  (1.7O	  C)	  either	  for	  3	  or	  6	  h/d	  from	  16-­‐18	  DI	  had	  no	  adverse	  effect	  on	  hatching	  results.	  Interestingly,	  both	  of	  these	  authors	  observed	  an	  improvement	  in	  chick	  performance.	  In	  addition,	  with	  lower	  intensity	  of	  thermal	  stimulation	  just	  1O	  C	  above	  the	  control	  (control	  was	  37.2O	  C)	  for	  2	  h/d	  from	  18-­‐21	  DI	  hatchability	  and	  chick	  performance	  were	  improved	  (Tzschentke	  and	  Hall,	  2009,	  2010).	  Results	  of	  the	  previous	  experiment	  of	  this	  dissertation	  showed	  that	  increase	  in	  incubation	  temperature	  by	  1O	  C	  above	  the	  control	  (control	  was	  37.4O	  C)	  for	  2	  h/d	  from	  18-­‐20	  DI	  did	  not	  have	  adverse	  effects	  but	  significant	  positive	  long	  lasting	  effects	  on	  chick	  performance	  were	  detected	  and	  treated	  chick	  recorded	  lower	  feed	  conversion	  than	  control	  group.	  The	  difference	  was	  1.82%	  in	  favour	  of	  test	  group.	  	  In	  contrast	  with	  the	  results	  of	  the	  previous	  studies,	  an	  improvement	  in	  hatchability	  and	  final	  body	  weight	  were	  not	  detected.	  This	  difference	  may	  be	  due	  to	  the	  shorter	  duration	  of	  thermal	  stimulation	  and/or	  specific	  factors	  associated	  with	  breeder	  age	  and	  incubation	  conditions.	  In	  the	  previous	  experiments	  eggs	  from	  flocks	  aged	  35	  -­‐	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39	  weeks	  were	  used	  and	  Tzschenke	  &	  Hall	  (2009,	  2010)	  used	  eggs	  from	  flocks	  that	  were	  up	  to	  50	  weeks	  of	  age.	  The	  relationship	  between	  flock	  age	  and	  hatchability	  is	  strong.	  Analysis	  of	  hatchability	  over	  time,	  using	  commercial	  hatchery	  records,	  showed	  a	  rapid	  change	  in	  the	  rate	  of	  decrease	  in	  hatchability	  after	  age	  of	  48	  weeks	  (Creel	  et	  al.,	  1997).	  Therefore,	  if	  age	  is	  a	  factor	  in	  the	  response	  to	  short-­‐term	  thermal	  stimulation,	  then	  the	  next	  step	  would	  be	  to	  examine	  the	  effect	  of	  thermal	  stimulation	  of	  eggs	  from	  flocks	  older	  than	  48	  weeks.	  The	  objective	  of	  this	  experiment	  was	  to	  determine	  the	  effect	  of	  thermal	  stimulation	  of	  1O	  C	  for	  2	  h/d	  from	  18-­‐20	  DI	  on	  moisture	  loss,	  hatchability,	  chick	  quality,	  secondary	  sex	  ratio	  and	  chick	  performance	  using	  eggs	  from	  flocks	  older	  than	  48	  weeks	  	   Materials	  and	  Methods	  Two	  setters	  and	  hatchers	  (Hatch	  Tech)	  with	  capacity	  of	  42240	  eggs	  were	  used	  and	  one	  served	  as	  the	  control	  and	  the	  other	  as	  the	  test.	  Each	  unit	  had	  6	  racks	  (80	  trays/rack;	  88	  eggs/tray).	  Eggs	  from	  breeders	  aged	  49	  to	  53	  weeks	  (Hubbard	  x	  Cobb)	  were	  used	  with	  weight	  ranges	  between	  66.0	  and	  67.4	  g.	  The	  test	  machines	  had	  the	  same	  physical	  environment	  as	  the	  control	  machines	  except	  that	  a	  thermal	  stimulus	  of	  1O	  C	  above	  the	  optimal	  incubation	  temperature	  was	  superimposed	  each	  day	  for	  2h/d	  from	  18-­‐20	  DI.	  Incubation	  temperature	  was	  37.4O	  C	  and	  relative	  humidity	  was	  55-­‐60%.	  Thermal	  stimulation	  was	  applied	  once	  in	  the	  incubator	  (18	  DI)	  and	  twice	  in	  the	  hatcher	  (19-­‐20	  DI).	  The	  whole	  incubator	  or	  hatcher	  was	  considered	  an	  experimental	  unit	  and	  the	  experiment	  was	  repeated	  over	  time	  with	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five	  replications.	  	  All	  the	  response	  variables	  in	  this	  experiment	  were	  measured	  in	  the	  same	  manner	  as	  described	  in	  Chapter	  4.	  	  	   Experimental	  Design	  &	  Statistical	  Analysis	  	   The	  design	  and	  statistical	  analysis	  in	  this	  experiment	  were	  the	  same	  as	  those	  described	  in	  Chapter	  4.	  	   Results	  
	   In	  Phase	  1,	  the	  results	  showed	  that	  thermal	  stimulation	  of	  1O	  C	  more	  than	  the	  standard	  temperature	  for	  2	  h/d	  from	  18-­‐20	  DI	  did	  not	  significantly	  influence	  the	  secondary	  sex	  ratio	  at	  hatch	  (Figure	  6.1).	  The	  difference	  in	  sex	  ratio	  was	  only	  numerically	  higher	  than	  control	  group	  and	  reached	  2.6%	  in	  favour	  of	  the	  test	  group.	  However,	  investigation	  of	  residual	  break	  out	  analysis	  (unhatched	  eggs)	  detected	  a	  significant	  difference	  (p=	  0.0033)	  in	  embryonic	  mortality	  between	  the	  two	  groups.	  The	  control	  group	  had	  more	  unhatched	  males	  than	  test	  group	  (Figure	  6.2).	  The	  results	  showed	  that	  male	  embryonic	  survival	  was	  significantly	  higher	  in	  the	  test	  group	  than	  in	  the	  control	  group.	  Chicks	  hatched	  with	  high	  quality	  chick	  score	  (Pasgar	  score)	  and	  the	  average	  was	  above	  9.8	  for	  both	  groups	  (Table	  6.1).	  In	  this	  experiment,	  thermal	  stimulation	  used	  did	  not	  have	  a	  significant	  influence	  on	  the	  other	  response	  variables	  measured	  on	  the	  day	  of	  hatch	  (Table	  6.1).	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   In	  phase	  2,	  the	  investigation	  of	  secondary	  sex	  ratio	  at	  7	  days	  old	  showed	  that	  a	  significant	  difference	  in	  gender	  ratio	  was	  not	  detected	  between	  the	  two	  groups	  and	  it	  was	  consistent	  with	  the	  result	  observed	  at	  day	  of	  hatch.	  The	  difference	  was	  only	  numerically	  in	  favour	  of	  the	  test	  group	  (Figure	  6.3).	  Thermal	  stimulation	  used	  did	  not	  influence	  post	  hatch	  performance.	  All	  the	  response	  variables	  that	  were	  measured	  in	  the	  field	  were	  similar	  (Table	  6.2).	  	  	  	  Figure	  6.1-­‐	  Percent	  males	  in	  control	  and	  test	  groups	  at	  hatch	  




Control	   Test	  
	  %	  
a	   	  	  	  	  	  	  a	  
	  	  	  	  	  50.7	   	  	  	  	  	  53.3	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Figure	  6.2-­‐	  Percent	  males	  in	  dead	  embryos	  in	  control	  and	  test	  group	  
	  
a,b	  Means	  with	  different	  superscripts	  are	  significantly	  different	  (p<0.05)	  
	  
	   	  
Table	  6.1	  -­‐	  Effect	  of	  thermal	  stimulation	  on	  hatch	  responses	   	  	  	  	  	  	  





Control	   Test	  
	  	  	  	  	  %	  
	  	  63.9	  
49.4	  
	  	  a	  
	  	  b	  
Response	  Variable	  	   Control	   Test	   ±	  SEM	  Moisture	  loss,	  %	   11.5	   11.2	   0.22	  Hatchability,	  %	   85.8	   85.9	   0.84	  Chick	  weight,	  g	   46.4	   45.6	   0.36	  Chick	  quality	  -­‐	  Pasgar	  score	   9.8	   9.8	   0.03	  Yolk	  sac,	  g/100g	  body	  weight	   11.4	   11.5	   0.37	  Culled	  &	  dead	  chick	  at	  hatch,	  %	   0.4	   0.5	   0.07	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Figure	  6.3-­‐	  Percent	  males	  in	  control	  and	  test	  groups	  at	  7	  days	  
	  
a,b	  Means	  with	  different	  superscripts	  are	  significantly	  different	  (p<0.05)	  	  	  Table	  6.2-­‐	  Effect	  of	  thermal	  stimulation	  on	  broiler	  performance	  
Response	  variable	   Control	   Test	   ±	  SEM	  First	  week	  mortality,	  %	   1.0	   1.4	   0.32	  First	  week	  average	  body	  weight,	  g	   188	   185	   3.13	  Bird	  produced,	  %	   97.6	   96.5	   0.46	  Feed	  conversion,	  kg	  feed/kg	  gain	   1.89	   1.89	   0.02	  Feed	  conversion	  adjusted	  on	  the	  basis	  of	  a	  2.7-­‐kg	  bird	   4.09	   4.09	   0.04	  Conversion	  of	  feed	  ME,	  Mcal/kg	  gain	   5.94	   5.94	   0.07	  Conversion	  of	  feed	  ME,	  Mcal/kg	  gain	  adjusted	  on	  the	  basis	  of	  a	  2.7-­‐kg	  bird	   5.85	   5.85	   0.07	  Average	  body	  weight,	  kg	   2.9	   2.9	   0.02	  Bird	  condemnation	  at	  the	  processing	  plant,	  %	   0.9	   1.0	   0.08	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Discussion	  
	   In	  this	  experiment,	  thermal	  stimulation	  of	  1O	  C	  above	  the	  optimum	  incubation	  temperature	  for	  2	  h/d	  from	  18-­‐20	  DI	  did	  not	  significantly	  alter	  secondary	  sex	  ratio	  at	  hatch.	  Even	  though	  the	  difference	  in	  sex	  ratio	  was	  2.6%,	  it	  was	  not	  significant.	  This	  is	  in	  contrast	  with	  the	  results	  of	  Experiment	  2	  which	  showed	  a	  significant	  difference	  between	  the	  two	  groups	  in	  secondary	  sex	  ratio	  when	  the	  difference	  was	  just	  2.2%.	  This	  discrepancy	  might	  be	  due	  to	  high	  variation	  between	  replicates	  that	  masked	  a	  possible	  treatment	  effect	  on	  secondary	  sex	  ratio	  at	  hatch.	  This	  was	  also	  observed	  in	  the	  results	  of	  Experiment	  3.	  However,	  investigation	  of	  residual	  break	  out	  analysis	  (unhatched	  eggs)	  detected	  a	  significant	  difference	  (p=0.0033)	  in	  embryonic	  mortality	  between	  the	  two	  groups.	  The	  result	  is	  consistent	  with	  those	  observed	  in	  Experiments	  2	  and	  3	  with	  the	  respect	  to	  the	  difference	  in	  embryonic	  mortality.	  In	  these	  experiments,	  control	  groups	  had	  more	  unhatched	  males	  than	  test	  groups.	  Male	  embryonic	  survival	  was	  significantly	  higher	  in	  the	  test	  groups	  than	  in	  the	  control	  groups.	  Hatchability	  was	  similar	  between	  the	  two	  groups	  even	  though	  the	  test	  group	  had	  more	  culled	  chicks	  on	  the	  conveyor	  belt.	  In	  this	  experiment,	  an	  increase	  in	  marketable	  chicks	  by	  using	  thermal	  stimulation	  at	  late	  phase	  was	  not	  achieved	  as	  reported	  by	  Tzschentke	  &	  Halle	  (2009).	  This	  discrepancy	  was	  probably	  due	  to	  protocol	  differences.	  	  In	  commercial	  hatcheries	  chicks	  are	  culled	  on	  the	  conveyor	  belt	  if	  there	  is	  any	  doubt	  about	  survival	  when	  placed	  in	  grower	  farms.	  Since	  the	  laboratory	  study	  (Tzschentke	  &	  Halle,	  2009,	  2010)	  did	  not	  clearly	  specify	  whether	  chicks	  were	  culled	  at	  hatch,	  the	  discrepancy	  could	  be	  due	  to	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the	  protocol	  followed.	  In	  all	  probability	  every	  chick	  hatched	  was	  counted	  to	  compute	  hatchability.	  If	  the	  higher	  number	  of	  treatment	  chicks	  culled	  from	  the	  conveyor	  belt	  in	  the	  present	  experiment	  is	  included	  in	  computation	  of	  hatchability	  the	  outcome	  may	  be	  similar	  to	  the	  results	  of	  the	  laboratory	  study.	  	  Additional	  reasons	  for	  disagreement	  in	  results	  might	  be	  higher	  variance	  between	  replicates	  and/or	  the	  difference	  in	  duration	  of	  thermal	  simulation	  used.	  Thermal	  stimulation	  used	  did	  not	  have	  long	  lasting	  effects	  on	  chick	  grow	  out	  performance	  and	  this	  was	  at	  variance	  with	  the	  results	  of	  experiment	  3.	  This	  discrepancy	  may	  be	  due	  to	  specific	  factors	  associated	  with	  breeder	  strain/age	  or	  may	  be	  due	  to	  a	  seasonal	  factor.	  The	  current	  experiment	  was	  conducted	  in	  spring	  between	  February	  and	  April,	  2013	  whereas	  my	  previous	  experiment	  was	  at	  the	  end	  of	  spring	  between	  April	  and	  June,	  2012.	  Therefore,	  variation	  in	  seasonal	  factors	  could	  be	  a	  reason	  for	  divergence	  in	  feed	  conversion	  observed	  in	  the	  earlier	  experiment.	  It	  is	  conceivable	  that	  thermal	  stimulation	  in	  warmer	  weather	  provides	  an	  adaptive	  advantage.	  The	  results	  of	  numerous	  studies	  showed	  that	  one	  of	  the	  beneficial	  effects	  of	  using	  thermal	  stimulation	  during	  late	  embryogenesis	  is	  to	  induce	  long-­‐lasting	  changes	  in	  the	  perinatal	  epigenetic	  programming	  of	  body	  functions	  like	  improved	  thermo	  tolerance	  (Moraes	  et	  al.,	  2003;	  Collin	  et	  al.,	  2005;	  Tzschentke	  and	  Plagemann,	  2006)	  and	  improved	  the	  chick	  performance	  under	  difficult	  environmental	  conditions	  (Yalcin	  et	  al.,	  2010).	  In	  the	  present	  experiment,	  an	  increase	  in	  incubation	  temperature	  by	  1O	  C	  above	  the	  optimum	  incubation	  temperature	  for	  2	  h/d	  from	  18-­‐20	  DI	  did	  not	  have	  any	  adverse	  effect	  during	  post	  hatch	  grow	  out	  period	  except	  the	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first	  week	  mortality.	  In	  one	  replicate	  first	  week	  mortality	  was	  numerically	  higher	  in	  the	  test	  group	  than	  the	  control	  group	  but	  not	  statistically	  significant	  and	  it	  was	  due	  to	  clostridium	  infection.	  This	  raises	  the	  question	  whether	  thermal	  stimulation	  during	  late	  embryogenesis	  impacts	  chick	  immunity.	  Allsep	  and	  Birrenkott	  (1989)	  observed	  a	  negative	  impact	  on	  circulating	  leucocytes	  when	  turkey	  embryos	  were	  exposed	  to	  cooling	  temperature	  of	  18O	  C	  for	  1	  h/d	  during	  incubation	  from	  5-­‐21	  DI.	  Long-­‐term	  thermal	  stress	  (38.8O	  C	  from	  11-­‐21	  DI)	  had	  an	  adverse	  effect	  on	  the	  development	  of	  thymus	  and	  bursa	  of	  Fabricius	  in	  broiler	  chicks	  when	  development	  was	  monitored	  during	  incubation	  and	  in	  the	  first	  week	  of	  hatch	  (Oznurlu	  et	  al.,	  2010).	  However,	  significant	  differences	  detected	  in	  lymphoid	  organ	  development	  in	  the	  quoted	  reference	  were	  not	  associated	  with	  significant	  changes	  in	  humoral	  immune	  responses	  to	  Newcastle	  disease	  virus	  and	  infectious	  bursal	  disease	  when	  broiler	  eggs	  were	  exposed	  to	  low	  incubation	  temperature	  or	  high	  incubation	  temperature	  (low	  was	  36.8O	  C,	  high	  was	  38.8	  O	  C	  and	  control	  was	  37.8	  O	  C)	  continuously	  from	  13-­‐21	  DI	  (Santin	  et	  al.,	  2003).	  These	  equivocal	  results	  raise	  several	  questions	  that	  need	  to	  be	  addressed	  with	  reference	  to	  thermal	  stimulation	  and	  immune	  responses	  and	  the	  impact	  on	  overall	  health	  and	  livability.	  	  The	  two	  studies	  cited	  used	  extreme	  treatments	  that	  would	  never	  be	  encountered	  in	  a	  commercial	  hatchery.	  Indirect	  evidence	  (first	  week	  mortality	  and	  livability	  to	  market	  age)	  from	  current	  experiments	  suggest	  that	  short	  duration	  thermal	  stimulation	  (like	  1O	  C	  over	  normal	  incubation	  temperature	  for	  2	  h/d	  in	  the	  last	  3-­‐4	  DI)	  does	  not	  have	  an	  adverse	  effect.	  	  However,	  the	  response	  of	  test	  birds	  in	  one	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replicate	  to	  clostridium	  in	  the	  present	  experiment	  warrants	  investigation	  of	  immune	  responses	  to	  the	  type	  of	  thermal	  stimulation	  employed	  in	  this	  dissertation	  research.	  	  In	  conclusion,	  increase	  in	  incubation	  temperature	  by	  1O	  C	  above	  the	  optimum	  for	  2	  h/d	  from	  18-­‐20	  DI	  using	  eggs	  from	  flock	  aged	  49-­‐53	  weeks	  did	  not	  significantly	  alter	  the	  secondary	  sex	  ratio	  neither	  at	  hatch	  nor	  at	  7	  days.	  The	  difference	  was	  numerical	  and	  reached	  2.6%	  in	  favour	  of	  test	  group.	  However,	  investigation	  of	  residual	  break	  out	  analysis	  (unhatched	  eggs)	  detected	  a	  significant	  difference	  in	  embryonic	  mortality	  between	  the	  two	  groups.	  The	  results	  of	  this	  experiment	  showed	  that	  there	  was	  higher	  male	  survival	  in	  the	  treated	  group	  when	  compared	  with	  the	  control	  incubation	  temperature	  used.	  In	  both	  groups,	  chicks	  hatched	  with	  high	  quality	  chick	  score	  (Pasgar	  score).	  	  The	  magnitude	  of	  thermal	  stimulation	  used	  did	  not	  have	  significantly	  influence	  on	  the	  other	  hatching	  results	  and	  post	  hatch	  performance.	  However,	  increased	  first	  week	  mortality	  in	  one	  replicate	  of	  test	  group	  caused	  by	  clostridium	  infection	  raises	  some	  questions	  on	  whether	  thermal	  stimulation	  during	  late	  embryogenesis	  affects	  chick	  livability	  and	  resistance	  to	  disease.	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CHAPTER	  7	  GENERAL	  SUMMARY	  In	  this	  dissertation	  research	  four	  experiments	  were	  conducted,	  with	  broiler	  hatching	  eggs,	  to	  investigate	  the	  effects	  of	  episodic	  thermal	  stimulation,	  above	  the	  optimum	  incubator	  temperature,	  in	  the	  late	  phase	  of	  embryogenesis	  on	  hatching	  results	  and	  post	  hatch	  performance	  under	  commercial	  conditions.	  In	  the	  first	  two	  experiments,	  thermal	  stimulation	  of	  0.5O	  C	  above	  the	  optimum	  incubation	  temperature	  of	  37.4o	  C	  for	  2h/d	  from	  18-­‐20	  days	  of	  incubation	  (DI)	  significantly	  altered	  secondary	  sex	  ratio	  (p=0.013	  and	  p=0.008).	  The	  percentage	  of	  hatched	  male	  to	  female	  chicks	  shifted	  in	  favour	  of	  the	  male	  chicks	  and	  the	  differences	  were	  3.5%	  and	  2.2%	  in	  Experiments	  1	  and	  2	  respectively.	  	  In	  the	  control	  and	  test	  groups,	  chick	  hatched	  with	  high	  quality	  Pasgar	  score	  that	  averaged	  9.5	  in	  both	  experiments.	  In	  Experiment	  2,	  residual	  break	  out	  (unhatched	  eggs)	  analysis	  was	  conducted	  to	  determine	  the	  reason	  for	  the	  difference	  in	  secondary	  sex	  ratio.	  The	  results	  showed	  that	  there	  were	  more	  males	  that	  failed	  to	  hatch	  in	  the	  control	  group	  than	  in	  the	  test	  group	  (p=0.024)	  which	  provided	  an	  explanation	  for	  the	  altered	  secondary	  sex	  ratio	  in	  hatched	  chicks.	  In	  both	  experiments,	  thermal	  stimulation	  used	  did	  not	  have	  a	  significant	  influence	  on	  the	  other	  response	  variables	  measured	  on	  the	  day	  of	  hatch.	  In	  Experiment	  2,	  examination	  of	  sex	  ratio	  at	  7	  days	  of	  age	  showed	  that	  the	  difference	  detected	  at	  hatch	  was	  maintained	  in	  the	  field.	  The	  difference	  in	  the	  percentage	  of	  males	  was	  2.8%	  in	  favour	  of	  the	  test	  group.	  The	  thermal	  stimulation	  used	  had	  no	  
	   64	  
statistically	  significant	  affect	  on	  post	  hatch	  health	  and	  performance	  in	  both	  experiments.	  In	  Experiment	  3,	  the	  aim	  was	  to	  investigate	  the	  effect	  of	  thermal	  stimulation	  of	  1O	  C	  above	  the	  optimum	  incubation	  temperature	  for	  2h/	  d	  from	  18-­‐20	  DI	  on	  hatching	  results	  and	  post	  hatch	  performance.	  The	  result	  of	  this	  experiment	  showed	  that	  the	  thermal	  stimulation	  used	  did	  not	  significantly	  influence	  the	  secondary	  sex	  ratio	  at	  hatch.	  The	  difference	  in	  secondary	  sex	  ratio	  was	  only	  numerically	  higher	  in	  favour	  of	  the	  test	  group.	  However,	  investigation	  of	  residual	  break	  out	  analysis	  (unhatched	  eggs)	  detected	  a	  significant	  difference	  (p=0.0035)	  in	  embryonic	  mortality	  between	  the	  two	  groups.	  The	  control	  group	  had	  more	  dead	  males	  than	  the	  test	  group.	  Significant	  differences	  between	  the	  two	  groups	  were	  not	  detected	  in	  the	  other	  response	  variables	  measured	  at	  hatch.	  However,	  thermal	  stimulation	  of	  1O	  C	  above	  the	  optimum	  incubation	  temperature	  for	  2	  h/d	  from	  18-­‐20	  DI	  induced	  positive	  long	  lasting	  effects	  on	  field	  performance.	  The	  test	  group	  recorded	  improvement	  in	  feed	  conversion	  by	  1.82%	  or	  3.6	  points	  (p=0.0491)	  in	  comparison	  to	  the	  control	  group.	  Statistically	  significant	  treatment	  differences	  between	  the	  two	  groups	  were	  not	  detected	  in	  the	  other	  response	  variables	  measured	  in	  the	  field.	  The	  objective	  of	  Experiment	  4	  was	  to	  study	  the	  effect	  of	  the	  same	  thermal	  stimulation	  (1O	  C	  2h/d	  from	  18-­‐20	  DI)	  with	  hatching	  eggs	  from	  an	  older	  flock.	  Eggs	  were	  collected	  from	  broiler	  breeders	  aged	  49-­‐53	  weeks.	  The	  results	  of	  Experiment	  4	  showed	  that	  no	  significant	  difference	  in	  secondary	  sex	  ratio	  was	  observed	  in	  hatched	  chicks	  but	  a	  significant	  difference	  was	  detected	  (p=0.0033)	  in	  embryonic	  mortality	  between	  the	  two	  groups.	  The	  result	  of	  residual	  break	  out	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analysis	  showed	  that	  more	  males	  failed	  to	  hatch	  in	  the	  control	  group	  than	  in	  the	  test	  group.	  Statistically	  significant	  effects	  of	  thermal	  stimulation	  were	  not	  detected	  in	  the	  other	  response	  variables	  measured	  at	  hatch	  or	  in	  the	  field	  except	  for	  first	  week	  mortality.	  In	  this	  experiment,	  one	  of	  the	  five	  replicates	  showed	  higher	  percentage	  of	  first	  week	  mortality	  (not	  significant)	  than	  the	  control	  group	  and	  it	  was	  due	  to	  clostridium	  infection.	  This	  raises	  the	  question	  whether	  thermal	  stimulation	  during	  late	  embryogenesis	  impacted	  chick	  health	  and	  resistance	  to	  diseases.	  	  	  	  In	  conclusion,	  sex	  ratio	  at	  hatch	  and	  first	  week	  of	  age	  were	  altered	  with	  thermal	  stimulation	  of	  0.5O	  C	  for	  three	  days	  from	  18-­‐20	  DI	  and	  the	  deviation	  in	  secondary	  sex	  ratio	  was	  due	  to	  the	  difference	  in	  late	  embryonic	  mortality	  during	  incubation.	  The	  treated	  group	  hatched	  with	  more	  males	  than	  the	  control	  group.	  An	  increase	  in	  the	  proportion	  of	  males	  in	  a	  broiler	  flock	  could	  have	  major	  impact	  on	  the	  poultry	  industry	  because	  of	  their	  ability	  to	  produce	  more	  meat	  with	  a	  better	  feed	  conversion.	  Thermal	  stimulation	  of	  1O	  C	  2h/d	  from	  18-­‐20	  DI	  induced	  positive	  long	  lasting	  effects	  on	  chick	  grow	  out	  performance.	  The	  test	  group	  performed	  well	  in	  the	  field	  and	  reached	  market	  age	  with	  a	  better	  feed	  conversion	  than	  the	  control	  group.	  The	  improvement	  in	  feed	  conversion	  was	  1.82%	  or	  3.6	  points	  in	  favour	  of	  the	  test	  group.	  The	  economic	  impact	  of	  improved	  feed	  conversion	  with	  3.6	  points	  has	  appreciable	  value	  and	  the	  money	  that	  could	  be	  saved	  is	  dependent	  on	  cost	  of	  feed	  during	  the	  cycle	  production.	  The	  results	  of	  all	  experiments	  showed	  that	  neither	  0.5O	  C	  nor	  1O	  C	  above	  the	  optimum	  incubation	  temperature	  for	  2h/d	  from	  18-­‐20	  DI	  had	  significant	  negative	  effects	  on	  hatching	  results	  or	  on	  post	  hatch	  performance	  under	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praxis	  conditions.	  In	  these	  experiments,	  improvement	  in	  hatchability	  by	  using	  thermal	  stimulation	  at	  late	  phase	  of	  incubation	  was	  not	  achieved	  as	  observed	  in	  laboratory	  experiments.	  This	  discrepancy	  was	  probably	  due	  to	  protocol	  differences	  in	  computation	  of	  hatchability	  in	  the	  laboratory	  experiment	  and	  in	  commercial	  hatchery.	  Additional	  reasons	  for	  disagreement	  in	  results	  might	  be	  higher	  variance	  between	  replicates	  and/or	  the	  difference	  in	  duration	  of	  thermal	  simulation	  used.	  	  Also,	  significant	  treatment	  difference	  was	  not	  detected	  in	  final	  body	  weight	  and	  this	  was	  at	  variance	  with	  the	  results	  of	  previous	  studies.	  Another	  possible	  explanation	  beside	  the	  duration	  of	  thermal	  stimulation	  is	  that	  the	  greater	  variability	  observed	  under	  field	  conditions	  may	  have	  masked	  the	  effect	  on	  body	  weight.	  The	  results	  of	  this	  study	  under	  commercial	  conditions	  clearly	  established	  that	  increase	  in	  incubation	  temperature	  up	  to	  1O	  C	  above	  the	  optimum	  temperature	  for	  2h/	  d	  from	  18-­‐20	  DI	  had	  no	  adverse	  effects	  on	  hatching	  results	  and	  post	  hatch	  performance.	  Further	  investigation	  is	  warranted	  to	  resolve	  the	  lack	  of	  congruence	  with	  results	  from	  laboratory	  studies.	  	  A	  possible	  approach	  would	  be	  to	  use	  thermal	  stimulation	  (intensity,	  strength,	  and	  duration	  established	  in	  the	  current	  study)	  in	  one	  unit	  and	  standard	  incubation	  conditions	  in	  another	  and	  observations	  limited	  to	  just	  hatchability	  and	  field	  performance	  –	  livability,	  feed	  conversion,	  and	  final	  body	  weight.	  	  Additional	  response	  variables	  that	  could	  be	  studied	  are	  those	  related	  to	  health	  (assessment	  of	  immune	  responses)	  and	  processing	  (meat	  yield,	  especially	  of	  prime	  portions)	  over	  a	  period	  of	  time	  in	  two	  seasons.	  Data	  from	  such	  an	  extended	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study	  could	  be	  subjected	  to	  sophisticated	  statistical	  analysis	  to	  handle	  variation	  observed	  in	  commercial	  practice.	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Appendix	  Figure	  A	  Incubation	  Temperature	  in	  the	  Control	  (Experiment	  1)	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Appendix	  Figure	  B	  Incubation	  Temperature	  in	  the	  Test	  (Experiment	  1)	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Appendix	  Figure	  C	  	  Hatcher	  Temperature	  in	  the	  Control	  (Experiment	  1)	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Appendix	  Figure	  D	  	  Hatcher	  Temperature	  in	  the	  Test	  (Experiment	  1)	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Appendix	  Figure	  E	  	  Incubation	  Temperature	  in	  the	  Control	  (Experiment	  2)	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Appendix	  Figure	  F	  	  Incubation	  Temperature	  in	  the	  Test	  (Experiment	  2)	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Appendix	  Figure	  G	  	  Incubation	  Temperature	  in	  the	  Control	  (Experiment	  3)	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Appendix	  Figure	  H	  	  Incubation	  Temperature	  in	  the	  Test	  (Experiment	  3)	  	  	  	  




102	  104	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  0	  	  	  1	  	  	  	  2	  	  	  	  3	  	  	  	  4	  	  	  5	  	  	  6	  	  	  7	  	  	  	  8	  	  	  	  9	  	  	  	  10	  	  	  11	  	  	  12	  	  	  13	  	  	  14	  	  	  15	  	  	  16	  	  17	  	  	  18	  	  19	  	  20	  21	  	   	  	  	  	  	  	  	  	  	  Age	  (days)	  
	   77	  
LITERATURE	  CITED	  	  	  Allsep,	  T.,	  Wiggin,	  M.	  &	  Birrenkott,	  G.	  (1992)	  The	  effects	  of	  cooling	  large	  white	  	  turkey	  embryos	  on	  growth	  and	  white	  blood	  cell	  development.	  Poultry	  Science,	  71:	  460-­‐466.	  	  Boerjan,	  M.	  (2002)	  Programs	  for	  single	  stage	  incubation	  and	  chick	  quality.	  Avian	  	  and	  Poultry	  Biology	  Reviews,	  13:	  237-­‐238.	  	  Bogdanova,	  M.I.	  &	  Nager,	  R.G.	  (2008)	  Sex-­‐specific	  costs	  of	  hatching	  last:	  An	  	  experimental	  study	  on	  herring	  gulls	  (Larus	  argentatus).	  Behavioral	  Ecology	  and	  Sociobiology,	  62:	  1533–1541.	  	  Bray,	  D.	  F.	  Z	  &	  Iton,	  E.	  L.	  (1962)	  Differences	  in	  embryonic	  and	  postembryonic	  	  growth	  in	  the	  domestic	  fowl.	  British	  Poultry	  Science,	  3:	  175-­‐	  188.	  	  Bruggeman,	  V.,	  Tona,	  K.,	  Onagbesan,	  O.	  &	  Decuypere,	  E.	  (2009)	  Hatching	  eggs	  	  and	  chick	  quality.	  In	  Biology	  of	  Breeding	  Poultry,	  (Hocking,	  P.	  M.,	  ed),	  pp	  224-­‐239.	  CAB	  	  International,	  Wallingford,	  Oxfordshire,	  UK.	  	  	  Catalano,	  R.,	  Bruckner,	  T.	  &	  Smith,	  K.R.	  (2008)	  Ambient	  temperature	  predicts	  	  sex	  ratios	  and	  male	  longevity.	  Proceedings	  of	  the	  National	  Academy	  of	  Sciences,	  USA,	  105:	  2244–2247.	  	  Christensen,	  V.	  L.,	  McMurtry,	  J.	  P.,	  Donaldson,	  W.	  E.	  &	  Nestor,	  K.	  E.	  (2001)	  Incubation	  	  temperature	  affects	  plasma	  insulin-­‐like	  growth	  factors	  in	  embryos	  from	  selected	  lines	  of	  turkeys.	  Poultry	  Science,	  80:	  949-­‐954.	  	  Christensen,	  V.	  L.,	  Grimes,	  J.	  L.,	  Wineland,	  M.	  J.	  &	  Davis,	  G.	  S.	  (2003)	  Accelerating	  	  embryonic	  growth	  during	  incubation	  following	  prolonged	  egg	  storage	  2.	  Embryonic	  growth	  and	  metabolism.	  Poultry	  Science,	  82:	  1869-­‐1878.	  	  Collin,	  A.,	  Picard,	  M.	  &	  Yahav,	  S.	  (2005)	  The	  effect	  of	  duration	  of	  thermal	  	  manipulation	  during	  broiler	  chick	  embryogenesis	  on	  body	  weight	  and	  body	  temperature	  of	  post-­‐hatched	  chicks.	  Animal	  Research,	  54:	  105-­‐111	  	  Collin,	  A.,	  Berri,	  C.,	  Tesseraud,	  S.,	  Requena,	  F,	  E.,	  Skiba-­‐Cassy,	  S.,	  Crochet,	  S.,	  Duclos,	  	  	  	  	  	  	  M.	  J.,	  Rideau,	  N.,	  Tona,	  K.,	  Buyse,	  J.,	  	  	  Bruggeman,	  V.,	  Decuypere,	  E.,	  Picard,	  M.	  &	  Yahav,	  S.	  (2007)	  Effect	  of	  thermal	  manipulation	  during	  early	  and	  late	  embryogenesis	  on	  thermotolerance	  and	  breast	  muscle	  characteristics	  in	  broiler	  chickens.	  	  Poultry	  Science,	  86:	  795-­‐800.	  	  
	   78	  
Creel,	  L.,	  Maurice,	  D.,	  Bridges,	  W.,	  &	  Grimes,	  L.	  (1998)	  A	  model	  to	  describe	  and	  	  predict	  post-­‐peak	  changes	  in	  broiler	  hatchability.	  Journal	  of	  Applied	  Poultry	  Research,	  7:	  85-­‐89.	  	  	  Decuypere,	  E.,	  Tona,	  K.,	  Bruggeman,	  V.	  &	  Bamelis,	  E.	  (2001)	  The	  day-­‐old	  chick:	  a	  	  crucial	  hinge	  between	  breeders	  and	  broilers.	  World’s	  Poultry	  Science	  Journal,	  57:	  127-­‐138.	  	  Decuypere,	  E.	  &	  Bruggeman,	  V.	  (2007)	  The	  endocrine	  interface	  of	  environmental	  	  and	  egg	  factors	  affecting	  chick	  quality.	  Poultry	  Science,	  86:	  1037-­‐1042.	  	  	  Deeming,	  D.	  C.	  &	  Ferguson,	  M.	  W.	  J.	  (1989)	  The	  mechanism	  of	  temperature	  	  dependent	  sex	  determination	  in	  crocodilians:	  a	  hypothesis.	  American	  Zoologist,	  29:	  973-­‐985.	  	  Eiby,	  Y.A.,	  Wilmer,	  J.	  W.	  &	  Booth,	  D.	  T.	  (2008)	  Temperature-­‐dependent	  sex-­‐biased	  	  embryo	  mortality	  in	  a	  bird.	  Proceedings	  of	  the	  Royal	  Society	  B,	  275:	  2703-­‐2706	  	  Eiby,	  Y.A.	  &	  Booth,	  D.	  T.	  (2009)	  The	  effects	  of	  incubation	  temperature	  on	  the	  	  morphology	  and	  composition	  of	  Australian	  Brush-­‐turkey	  (Alectura	  lathami)	  chicks.	  Journal	  of	  Comparative	  Physiology	  B,	  179:	  875-­‐882.	  	  Ferguson,	  M.	  W.	  J.	  &	  Joanen,	  T.	  (1982)	  Temperature	  of	  egg	  incubation	  determines	  	  sex	  in	  Alligator	  mississippiensis.	  Nature,	  296:	  850-­‐	  853.	  	  	  	  	  French,	  N.	  A.	  (2002)	  The	  critical	  importance	  of	  incubation	  temperature.	  In	  Practical	  	  Aspects	  of	  Commercial	  Incubation,	  (Deeming,	  D.	  C.,	  ed),	  pp	  17-­‐20.	  Ratite	  Conference	  Books,	  Lincolnshire,	  UK.	  	  	  French,	  N.	  A.	  (2009)	  Incubation	  and	  hatching.	  In	  Biology	  of	  Breeding	  Poultry,	  	  (Hocking,	  P.	  M.,	  ed),	  pp	  206-­‐223.	  CAB	  	  International,	  Wallingford,	  Oxfordshire,	  UK.	  	  	  Freeman,	  B.	  M.	  &	  Vince,	  A.	  M.	  (1974)	  Development	  of	  the	  Avian	  Embryo:	  A	  	  Behavioural	  and	  Physiological	  Study,	  Chapman	  and	  Hall	  Ltd.,	  London,	  UK.	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  Göth,	  A.	  &	  Booth,	  D.T.	  (2005)	  Temperature-­‐dependent	  sex	  ratio	  in	  a	  bird.	  Biology	  	  Letters,	  1:	  31-­‐33.	  	  Halberslaben,	  D.	  L.	  &	  Mussehl,	  F.	  E.	  (1922)	  The	  relation	  of	  egg	  weight	  to	  chick	  weight	  	  at	  hatching.	  Poultry	  Science,	  1:	  143-­‐144	  	  
	   79	  
Halle,	  I.,	  Tzschentke,	  B.,	  Martina,	  H.	  &	  Kohler	  P.	  (2012)	  Influence	  of	  temperature	  	  stimulation	  during	  the	  last	  6	  days	  of	  incubation	  on	  hatching	  results	  and	  later	  performance	  in	  Pekin	  ducks.	  Archiv	  fur	  Geflugelkunde,	  76:	  176-­‐183.	  	  Halle,	  I.	  &	  Tzschentke,	  B.	  (2011)	  Influence	  of	  temperature	  manipulation	  during	  the	  	  last	  4	  days	  of	  incubation	  on	  hatching	  results,	  post-­‐hatching	  performance	  and	  adaptability	  to	  warm	  growing	  conditions	  in	  broiler	  chickens.	  Japan	  Poultry	  Science	  Association,	  48:	  97-­‐105.	  	  	  Hill,	  D.	  (2001)	  Chick	  length	  uniformity	  profiles	  as	  a	  field	  measurement	  of	  chick	  	  quality.	  Avian	  and	  Poultry	  Biology	  Reviews,	  12:188.	  	  	  	  Hulet,	  R.	  M.,	  Christensen,	  V.	  L.	  &	  Bagley,	  L.	  G.	  (1987)	  Controlled	  weight	  loss	  during	  	  incubation	  of	  turkey	  eggs.	  Poultry	  Science,	  66:	  428-­‐432.	  	  Hulet,	  R.,	  Gladys,	  G.,	  Hill,	  D.,	  Meijerhof,	  R.	  &	  El-­‐Shiekh,	  T.	  (	  2007)	  Influence	  of	  egg	  	  shell	  embryonic	  incubation	  temperature	  and	  breeder	  flock	  age	  on	  posthatch	  growth	  performance	  and	  carcass	  characteristics.	  Poultry	  Science,	  86:	  408-­‐412.	  	  Joseph,	  N.	  S.,	  Lourens,	  A.	  &	  Morau,	  E.	  T.	  (2006)	  The	  effect	  of	  suboptimal	  egg	  shell	  	  temperature	  during	  incubation	  on	  broiler	  chick	  quality,	  live,	  performance	  and	  further	  processing	  yield.	  Poultry	  Science,	  85:	  932-­‐938.	  	  Krischek,	  C.,	  Gerken,	  M.	  &	  Wicke,	  M.	  (2013)	  Effects	  of	  higher	  incubation	  temperature	  	  between	  embryonic	  day	  9	  and	  12	  on	  growth	  and	  meat	  quality	  characteristics	  of	  turkeys.	  British	  Poultry	  Science,	  54:	  5-­‐11.	  	  	  	  Landauer,	  W.	  (1961)	  The	  Hatchability	  of	  Chicken	  Eggs	  as	  Influenced	  by	  	  Environment	  and	  Heredity.	  	  Monograph	  1,	  University	  of	  Connecticut-­‐Agricultural	  Experiment	  Station,	  Storrs,	  Connecticut.	  	  	  Leksrisompong,	  N.,	  Romero-­‐Sanchez,	  H.,	  Plumstead,	  W.,	  P.,	  Brannan,	  E.,	  K.	  &	  Brake,	  J.	  	  (2007)	  Broiler	  Incubation.	  1.	  Effect	  of	  elevated	  temperature	  during	  late	  incubation	  on	  body	  weight	  and	  organs	  of	  chicks.	  Poultry	  Science,	  86:	  2685-­‐2691.	  	  Lourens,	  A.,	  van	  den	  Brand,	  Meijerhof,	  R.,	  &	  Kemp,	  B.	  (2005)	  Effect	  of	  eggshell	  	  temperature	  during	  incubation	  on	  embryo	  development,	  hatchability,	  and	  posthatch	  development.	  Poultry	  Science,	  84:	  914-­‐920.	  	  Meijerhof,	  R.	  (2005)	  Defining	  &	  measuring	  quality	  in	  day	  olds.	  International	  	  Hatchery	  Practice,	  19:	  7-­‐13.	  
	   80	  
Meir,	  M.	  &	  Ar,	  A.	  (1991)	  Compensation	  for	  seasonal	  changes	  in	  eggshell	  conductance	  	  and	  hatchability	  of	  goose	  eggs	  by	  dynamic	  control	  of	  egg	  water	  loss.	  British	  Poultry	  Science,	  28:	  723-­‐	  732.	  	  Meir,	  M.,	  Nir,	  A.	  &	  Ar,	  A.	  (1984)	  Increasing	  hatchability	  of	  turkey	  eggs	  by	  matching	  	  incubator	  humidity	  to	  shell	  conductance	  of	  individual	  eggs.	  Poultry	  Science,	  63:	  1489-­‐	  1496.	  	  Molenaar,	  R.,	  Reijrink,	  I.	  A.	  M.,	  Meijerhof,	  R.	  	  &	  Van	  Den	  Brand,	  H.	  (2008)	  	  Relationship	  between	  hatchling	  lengrh	  and	  weight	  on	  later	  productive	  performance	  in	  broiler.	  World’s	  Poultry	  Science	  Journal,	  64:	  599-­‐	  603.	  	  	  Moraes,	  V.M.B.,	  Malherios,	  R.D.,	  Bruggeman,	  V.,	  Collin,	  A.,	  Tona,	  K.,	  Van	  As,	  P.,	  	  Onagbean,	  O.	  M.,	  Buyse,	  J.,	  Decuypere,	  E.	  &	  Macari,	  M.	  (2003)	  effect	  of	  thermal	  conditioning	  during	  embryo	  development	  on	  aspects	  of	  physiological	  responses	  of	  broilers	  to	  heat	  stress.	  Journal	  of	  Thermal	  Biology,	  28:	  133-­‐140.	  	  Oznurlu,	  Y.,	  Celik,	  I.,	  Telatar,	  T.	  &	  Sur,	  E.	  (2010)	  Histochemical	  and	  histological	  	  evaluations	  of	  the	  effects	  of	  high	  incubation	  temperature	  on	  embryonic	  development	  of	  thymus	  and	  bursa	  of	  fabricius	  in	  broiler	  chickens.	  British	  Poultry	  Science,	  51:	  43-­‐51.	  	  	  	  Piestun	  Y.,	  Shinder,	  D.,	  Ruzal,	  M.,	  Halevy,	  O.,	  Brake,	  J.	  &	  Yahav,	  S.	  (2008)	  Thermal	  	  manipulations	  during	  broiler	  embryogenesis:	  Effect	  on	  the	  Acquisition	  of	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  thermotolerance.	  Poultry	  Science,	  87:	  1516-­‐1525	  	  Piestun	  Y.,	  Harel,	  M.,	  Barak,	  M.,	  Yahav,	  S.	  &	  Halevy,	  O.(2009)	  Thermal	  manipulations	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  in	  late-­‐term	  chick	  embryo	  have	  immediate	  and	  longer	  term	  effects	  on	  myoblast	  proliferation	  and	  skeletal	  muscle	  hypertrophy.	  Journal	  of	  Applied	  Physiology,	  106:	  233-­‐240.	  	   	  Piestun,	  Y.,	  Halevy,	  O.,	  Shinder,	  D.,	  Ruzal,	  M.,	  Druyan,	  S.	  &	  Yahav,	  S.	  (2011)	  Thermal	  	  manipulation	  during	  broiler	  embryogenesis	  improves	  post-­‐hatch	  performance	  under	  hot	  conditions.	  Journal	  of	  Thermal	  Biology,	  36:	  469-­‐474.	  	  Piestun,	  Y.,	  Druyan,	  S.,	  Brake,	  J.,	  &	  Yahav,	  S.	  (2013)	  Thermal	  treatments	  prior	  to	  and	  	  during	  the	  beginning	  of	  incubation	  affect	  phenotypic	  characteristics	  of	  broiler	  chickens	  posthatching.	  Poultry	  Science,	  92:	  882-­‐889.	  	  Pike,	  T.W.	  &	  Petrie,	  M.	  (2003)	  Potential	  mechanisms	  of	  avian	  sex	  manipulation.	  	  Biological	  Reviews,	  78:	  553-­‐574.	  	  	  
	   81	  
Santin,	  E.,	  Maiorka,	  A.,	  Polveiro,	  W.,	  Paulillo,	  A.,Laurentiz	  A.,	  Borges,	  S.	  &	  Fischer	  da	  	  Silva,	  A.	  (2003)	  Effect	  of	  environmental	  temperature	  on	  immune	  response	  of	  broilers.	  Journal	  of	  Applied	  Poultry	  Research,	  12:	  247-­‐250.	  	  Selim,	  K.	  M.,	  Shinomiya,	  A.,	  	  Otake,	  H.,	  Hamaguchi,	  S.,	  &	  Sakaizumi,	  M.(	  2009)	  Effects	  	  of	  high	  temperature	  on	  sex	  differentiation	  and	  germ	  cell	  population	  in	  medaka	  (Oryzias	  latipes).	  Aquaculture,	  289:	  340-­‐349.	  	  Shanawany,	  M.	  M.	  (1987)	  Hatching	  weight	  in	  relation	  to	  egg	  weight	  in	  domestic	  	  birds.	  World’s	  Poultry	  Science	  Journal,	  43:	  107-­‐	  115.	  	  Skewes,	  P.	  A.,	  Wilson	  H.	  R.	  &	  Mather,	  F.	  B.	  (1988).	  Correction	  among	  egg	  weight,	  	  chick	  weight	  and	  yolk	  sac	  weight	  in	  Bobwhite	  quail	  (Colinus	  Virginianus).	  Florida	  Scientist,	  51:	  159-­‐162.	  	  	  Strussmann,	  C.	  A.	  &	  Patino,	  R.	  (1995)	  Temperature	  manipulation	  of	  sex	  	  determination	  in	  fish.	  In	  Proceedings	  of	  the	  Fifth	  International	  Symposium	  on	  the	  Reproductive	  Physiology	  of	  Fish,	  (Goetz,	  F.	  and	  Thomas,	  P.	  Eds.),	  pp.	  153-­‐160,	  Austin,	  Texas.	  	  	  	  Strussmann,	  C.	  A.	  &	  Patino,	  R.	  (1999)	  Environmental	  temperature	  sex	  	  determination,	  and	  sexual	  development.	  In	  Encyclopedia	  of	  Reproduction,	  (Knobil,	  E.	  and	  Neill,	  J.	  D.,	  Eds.),	  pp.	  402-­‐409	  Vol.	  4,	  Academic	  Press,	  San	  Diego,	  CA.	  	  	  	  Tona,	  K.,	  Bruggeman,	  V.,	  Onagbesan,	  O.,	  Bamelis,	  F.,	  Gbeassor,	  M.,	  Mertens,	  K	  &	  	  Decuypere,	  E.	  (2005)	  Day-­‐old	  Chick	  Quality:	  Relationship	  to	  Hatching	  Egg	  Quality,	  Adequate	  Incubation	  Practice	  and	  Prediction	  of	  Broiler	  Performance.	  Avian	  and	  Poultry	  Biology	  Reviews,	  16:	  109-­‐119.	  	  Tullett,	  S.	  G.,	  &	  F.	  G.	  Burton.	  1982.	  Factors	  affecting	  the	  weight	  and	  water	  status	  of	  	  the	  chick	  at	  hatch.	  British	  Poultry	  Science,	  23:361-­‐369.	  	  	  Tzschentke,	  B.	  &	  Plagemann,	  A.	  (2006)	  Imprinting	  and	  critical	  periods	  in	  early	  	  development.	  World’s	  Poultry	  Science	  Journal,	  64:	  626-­‐637.	  	  Tzschentke,	  B.	  (2007)	  Attainment	  of	  thermoregulation	  and	  its	  influence	  by	  	  environmental	  factors.	  Poultry	  Science,	  86:	  1025-­‐1036.	  	  Tzschentke,	  B.	  &	  Halle,	  I.	  (2009)	  Influence	  of	  temperature	  stimulation	  during	  the	  	  last	  4	  days	  of	  incubation	  on	  secondary	  sex	  ratio	  and	  later	  performance	  in	  male	  and	  female	  broiler	  chicks.	  British	  Poultry	  Science,	  50:	  634-­‐640.	  	  
	   82	  
Tzschentke,	  B.	  &	  Halle,	  I.	  (2010)	  Influence	  of	  temperature	  stimulation	  during	  the	  	  last	  4	  days	  of	  incubation	  on	  secondary	  sex	  ratio	  and	  later	  performance	  in	  male	  and	  female	  broiler	  chicks.	  British	  Poultry	  Science,	  51:	  308.	  	  Wallace,	  H.	  G.,	  Badawy,	  M.	  I.	  &	  Wallace,	  B.	  M.	  N.	  (1999)	  Amphibian	  sex	  determination	  	  and	  sex	  reversal.	  Cellular	  and	  Molecular	  Life	  Sciences,	  55:	  901-­‐909.	  	  	  	  Whiting,	  T.	  S.	  &	  Pesti,	  G.	  M.	  (1983)	  Effect	  of	  the	  dwarfing	  gene	  (dw)	  on	  egg	  weight,	  	  chick	  weight	  and	  chick	  weight:	  eggweight	  ratio	  in	  a	  commercial	  broiler	  strain.	  Poultry	  Science,	  62:	  2297-­‐	  2302.	  	  Willemsen,	  H.,	  Everaert,	  N.,	  Witters,	  A.,	  De	  Smit,	  L.,	  Debonne,	  M.,	  Verschuere,	  F.,	  	  Garain,	  P.,	  Berckmans,	  D.,	  Decuypere,	  D.	  &	  Bruggeman,	  V.	  (2008)	  Critical	  assessment	  of	  chick	  quality	  measurements	  as	  an	  indicator	  of	  posthatch	  performance.	  Poultry	  Science,	  87:	  2358-­‐2366.	  	  Willemsen,	  H.,	  Li,	  Y.,	  Willems,	  E.	  Franssens,	  L.,	  Wang,	  Y.,	  Decuypere,	  E.	  &	  Everaert,	  N.	  	  (2011)	  Intermittent	  thermal	  manipulations	  of	  broiler	  embryos	  during	  late	  incubation	  and	  their	  immediate	  effect	  on	  the	  embryonic	  development	  and	  hatching	  process.	  Poultry	  Science,	  90:	  1302-­‐1312.	  	  Wilson,	  R.	  H.	  (1991)	  Effect	  of	  egg	  size	  on	  hatchability,	  chick	  size	  and	  posthatching	  	  growth.	  In	  Avian	  Incubation,	  (Hocking,	  P.	  M.,	  ed),	  pp	  279-­‐	  283.	  CAB	  	  International,	  Wallingford,	  Oxfordshire,	  UK.	  	  	  Wolanski,	  N.	  J.,	  Luiten,	  E.,	  J.,	  Meijerhof,	  R.	  &	  Vereijken,	  A.,	  L.,	  J.2	  (004)	  Yolk	  utilisation	  	  and	  chick	  length	  as	  parameters	  for	  embryo	  development.	  Avian	  and	  Poultry	  Biology	  Reviews,	  15:	  233-­‐234.	  	  	  	  	  Yalcin,	  S.,	  Babacanoglu,	  E.,	  Guler,	  H.	  C.	  &	  Aksit,	  M.	  (2010)	  Effect	  of	  incubation	  	  temperature	  on	  hatching	  and	  carcass	  performance	  of	  broilers.	  World’s	  Poultry	  Science	  Journal,	  66:	  87-­‐93.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
